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“Disease is not something personal and special,  
but only a manifestation of life under modified conditions,  
operating according to the same laws  
as apply to the living body at all times, 





 “The primary determinants of disease are mainly 
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En los últimos años han proliferado los estudios sobre la relación entre el entorno en 
el que vivimos y la salud. Particularmente, existen numerosos estudios en EEUU y 
Australia que relacionan la presencia de barrios más con mayor actividad física de sus 
residentes. No obstante, existe una falta de homogeneidad en la medición de la 
caminabilidad a diferentes escalas, especialmente para ciudades europeas, con un 
diseño diferente a los lugares donde fueron desarrolladas estas medidas. Además, estas 
medidas no suelen estar integrada con el resto de elementos de la ciudad que pueden 
influir en la salud (p ej. el entorno alimentario), ni con los elementos de la dinámica de 
las ciudades.  
Objetivos 
El objetivo general de esta tesis doctoral es el desarrollo e integración de diferentes 
métodos y herramientas para medir la caminabilidad, así como explorar el patrón 
socio-espacial de estas medidas. Los objetivos específicos son: 
1. Desarrollar y validar una herramienta (Madrid Systematic Pedestrian and Cycling 
Scan – M-SPACES) para medir la caminabilidad y la ciclabilidad de las calles de 
Madrid.  
2. Explorar la integración de los datos de caminabilidad recogidos por el M-SPACES 
con otras medidas cuantitativas, cualitativas e indicadores de salud del entorno 
físico y social de un área mediana en términos sociodemográficos de Madrid.  
3. Estudiar la distribución socio-espacial de la caminabilidad medida con bases de 
datos secundarias para todas las secciones censales de Madrid. 
Métodos 
Para el objetivo 1, se seleccionaron en Madrid tres zonas (agrupaciones de 12 secciones 
censales cada una) de diversa densidad de población (baja, media, alta). Estas 36 
secciones censales estaban compuestas de 500 segmentos de calle, definidos como la 
calle de una intersección a otra. M-SPACES fue utilizado por dos investigadores en 
2013-2014 para medir segmentos de la calle de forma directa y de forma virtual (con 




y destinos. Los resultados de las medidas se compararon por área y por método de 
medición; también se evaluó el acuerdo intra e inter-observador. 
Para el objetivo 2, se realizó un estudio en un área de 16.000 residentes en Madrid. Se 
obtuvieron datos de salud cardiovascular y de factores de riesgo de todos los residentes 
de 45 años o más utilizando datos de la Historia Clínica Digital del Sistema de Atención 
Primaria de Madrid. Se utilizaron varias herramientas de medida cuantitativas para 
evaluar: el tipo y ubicación de los establecimientos de alimentación y la disponibilidad 
de alimentos saludables; puntos de venta de tabaco y alcohol; caminabilidad de todas 
las calles y uso de parques y espacios públicos. También se realizaron 11 entrevistas 
cualitativas con informantes clave para ayudar a entender las relaciones entre el 
entorno urbano y los comportamientos en salud cardiovascular. Los datos cuantitativos 
y cualitativos se han analizado siguiendo un enfoque de métodos mixtos.  
Para el objetivo 3, se incluyeron todas las secciones censales de la ciudad de Madrid (n 
= 2415). El nivel socioeconómico a nivel de área se midió utilizando un índice 
compuesto de 7 indicadores en 4 dominios (educación, riqueza, ocupación y 
condiciones de vida). Se calcularon dos indicadores de la dinámica urbana: 
gentrificación, medida por el cambio en los niveles de educación en los 10 años 
anteriores, y la edad de construcción, medida por el año mediano de construcción de 
unidades de vivienda en el área. La caminabilidad se midió utilizando un índice 
compuesto de 4 indicadores (Densidad Residencial, Densidad de Población, Destinos 
y Conectividad). Se modeló la asociación utilizando modelos lineales de efectos mixtos. 
Resultados 
En el primer estudio, tanto para las medidas directas como las virtuales, se encontraron 
diferencias significativas por área (p<0.05) para los 4 factores. La mayoría de las 
características mostraron un acuerdo sustancial (ICC= 0,6-0,8) o casi perfecto (ICC≥0,8) 
entre las medidas virtuales y directas, especialmente la infraestructura de las calles de 
permeabilidad del barrio, la seguridad del tráfico, la estética y la presencia de destinos. 
El acuerdo intra-observador fue generalmente aceptable (ICC<0.6). El acuerdo entre 
observadores fue generalmente bajo (ICC<0.4). 
En el segundo estudio, los registros electrónicos de salud de toda la población del área 
mostraron una prevalencia similar de factores de riesgo en comparación con el resto 
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de Madrid / España (prevalencia de diabetes: 12%, hipertensión 34%, dislipidemia 32%, 
fumar: 10 %, obesidad: 20%). El entorno alimentario era muy denso, con muchas 
tiendas pequeñas (n = 44) y un gran mercado de alimentos con 112 puestos. Los 
residentes destacaron la importancia de estas pequeñas tiendas para comprar 
alimentos saludables. Los entornos de alcohol y tabaco también eran muy densos (n = 
91 y 64, respectivamente), dominados por bares y restaurantes (n = 53) que también 
actuaban como servicios de alimentación. Los vecinos enfatizaron la importancia del 
consumo de alcohol como un mecanismo de socialización. Los espacios públicos 
abiertos fueron utilizados principalmente por personas de la tercera edad que 
remarcaron la importancia de la accesibilidad a estos espacios y la disponibilidad de 
destinos para caminar. 
El tercer estudio mostró que el nivel socioeconómico de área y la caminabilidad tienen 
una relación inversa y estadísticamente significativa en Madrid.  Las áreas con nivel 
socioeconómico más bajo mostraron la caminabilidad más alta. Este patrón no se 
aplica a las áreas con un aumento en el nivel de educación, donde la asociación era 
plana (no hay disminución en caminabilidad a mayor nivel socioeconómico). Por otra 
parte, la asociación se atenuó en las zonas de nueva construcción: la asociación fue más 
fuerte en las zonas construidas antes de 1975, más débil en las zonas construidas entre 
1975 y 1990 y plana en las zonas construidas a partir de 1990. 
Conclusiones 
Este estudio implica el uso de diferentes medidas de caminabilidad a diferentes escalas. 
Las medidas directas permiten medir elementos de pequeña escala presentes en las 
calles, tales como el estado de la acera o la estética, mientras que las medidas mediante 
bases de datos secundarias permiten la extensión a gran escala. Asimismo, la 
integración de diferentes medidas y el uso de análisis por métodos mixtos son 
herramientas esenciales para medir fenómenos complejos como la relación entre el 
diseño de los barrios y la actividad física de los residentes. Por último, una mejor 
comprensión de la relación entre la forma urbana y la composición social de los barrios 
puede proporcionar elementos clave para la salud y para prevenir que la planificación 























In the last years there has been an increasing interest in showing the relationship 
between the urban environment in which we live and health. In particular, many 
studies, mostly in the US and Australia, have analyzed the relationship between 
walkable neighborhoods and physical activity of its residents. Nevertheless, there is a 
lack of homogeneity between different-scale measures, especially for European cities, 
with different urban shape as the cities where these measures where developed. 
Moreover, these measures are not commonly integrated with the other “healthy 
neighborhood” elements (e.g. healthy food availability), neither with neighborhood 
dynamic characteristics.  
Objectives 
The general objective of this PhD dissertation is the development and integration of 
different tools and methods to measure walkability, and to explore the socio-spatial 
distribution of these measures. The specific aims are:  
1. To develop and validate an audit tool (Madrid Systematic Pedestrian and Cycling 
Environment Scan – M-SPACES) to measure walkability and bikeability in the 
streets of Madrid 
2. To explore the integration of the M-SPACES walkability with other quantitative, 
qualitative and health indicators of the physical and social environment in a 
median sociodemographic area in Madrid 
3. To study the socio-spatial distribution of small area-level walkability measured 
with secondary datasets for all the census sections of the city of Madrid in 2014 
Methods 
For the aim 1, three areas (clusters of 12 census section each) of diverse population 
density (low, medium, high) were selected in Madrid. These 36 census sections were 
composed of 500 street segments, defined as the street from one intersection to 
another. M-SPACES was used to audit street segments physically and virtually (Google 
Street View) by two researchers in 2013-2014. The tool assessed four factors: function, 
safety, aesthetics and destinations. Audit scores were compared by area and by 




For the aim 2, we conducted this study in an area of 16,000 residents in Madrid (Spain). 
We obtained cardiovascular health and risk factors data from all residents aged 45 and 
above using Electronic Health Records from the Madrid Primary Health Care System. 
We used several quantitative audit tools to assess: the type and location of food outlets 
and healthy food availability; tobacco and alcohol points of sale; walkability of all streets 
and use of parks and public spaces. We also conducted 11 qualitative interviews with 
key informants to help understanding the relationships between urban environment 
and cardiovascular behaviors. We integrated quantitative and qualitative data following 
a mixed-methods merging approach. 
For aim 3, all census sections of the city of Madrid (n = 2415) were included. Area-level 
SES was measured using a composite index of 7 indicators in 4 domains (education, 
wealth, occupation and living conditions). Two neighborhood dynamics factors were 
computed: gentrification, proxied by change in education levels in the previous 10 
years, and neighborhood age, proxied by median year of construction of housing units 
in the area. Walkability was measured using a composite index of 4 indicators 
(Residential Density, Population Density, Retail Destinations and Street Connectivity). 
We modeled the association using linear mixed models with random intercepts. 
Results 
In the first study, for both physical and virtual audits, all analyzed features score 
significantly different by area (p<0.05). Most of the features showed substantial 
(ICC=0.6–0.8) or almost perfect (ICC≥0.8) agreement between virtual and physical 
audits, especially neighborhood permeability walking infrastructure, traffic safety, 
streetscape aesthetics, and destinations. Intra-rater agreement was generally acceptable 
(ICC>0.6). Inter-rater agreement was generally poor (ICC<0.4). 
In the second study, Electronic Health Records of the entire population of the area 
showed similar prevalence of risk factors compared to the rest of Madrid/Spain 
(prevalence of diabetes: 12 %, hypertension: 34 %, dyslipidemia: 32 %, smoking: 10 %, 
obesity: 20 %). The food environment was very dense, with many small stores (n = 44) 
and a large food market with 112 stalls. Residents highlighted the importance of these 
small stores for buying healthy foods. Alcohol and tobacco environments were also very 
dense (n = 91 and 64, respectively), dominated by bars and restaurants (n = 53) that also 
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acted as food services. Neighbors emphasized the importance of drinking as a 
socialization mechanism. Public open spaces were mostly used by seniors that 
remarked the importance of accessibility to these spaces and the availability of 
destinations to walk to. 
The third study showed that area-level SES and walkability were inversely and 
significantly associated. Areas with lower SES showed the highest walkability. This 
pattern did not hold for areas with an increase in education level, where the association 
was flat (no decrease in walkability with higher SES). Moreover, the association was 
attenuated in newly built areas: the association was stronger in areas built before 1975, 
weaker in areas built between 1975 and 1990 and flat in areas built from 1990 on 
Conclusions 
This study involves the use of different measures of walkability at different scales. 
Direct audits allow the measurement of small scale elements present on the streets, 
such as the sidewalk characteristics or aesthetics, while measurements using secondary 
databases allow large-scale extension. Also, the integration of different measures and 
the use of analysis by mixed methods are key elements to measure complex 
phenomena such as the relationship between neighborhood design and physical 
activity of its residents. Lastly, a deeper understanding of the dynamic relationship 
between urban form and neighborhood composition would provide further insights 
into mobility and health behaviors and outcomes, and inform urban planning policy 

























1.1. Physical activity and health 
 
1.1.1. Health effects of physical activity 
 
Physical inactivity is recognized as a global pandemic that requires global action (Kohl 
et al., 2012). Insufficient physical activity is one of the 10 leading risk factors of deaths 
worldwide, causing an estimated 3.2 million deaths each year (Lim et al., 2012). For 
instance, in 2010, lack of sufficient physical activity was estimated to cause 2.8 % loss of 
total – globally DALYs (69.3 million) (Lim et al., 2012). 
 
The WHO Regional Office for Europe summarizes the published evidence of the 
individual health benefits of physical activity as:  reduce risk of heart disease and 
mortality, stroke, overweight and obesity, type II diabetes, colon and breast cancer, falls 
in older people and depression; also, improvement of musculoskeletal health, 
cognitive function and psychological well-being (Cavill, Kahlmeier, & Racioppi, 2006; 
Lee et al., 2012). It is estimated that the failure to spend 15-30 minutes a day briskly 
walking (following WHO recommendations (WHO, 2010b)) is responsible for 6-10% 
of the burden of major non-communicable diseases (Lee et al., 2012); a global burden 
of disease similar to smoking (Wen & Wu, 2012). In particular, physical inactivity has a 
population attributable factor (PAF) of 5.8 % for coronary heart disease, 7.2 % for type 2 
diabetes, 10.1 % for breast cancer, 10.4 % for colon cancer, and 9.4 % for the overall 
mortality (Lee et al., 2012). In Spain, PAF are slightly higher; thus, lack of meeting WHO 
recommendations is responsible for 8.3 % of coronary heart disease, 10.3 % of type 2 
diabetes, 13.8 % of breast cancer, 14.9 % of colon cancer, and 13.4 % of overall mortality 
(Lee et al., 2012). Moreover, meeting WHO recommendations for physical activity 
would increase life expectancy by 0.68 years worldwide (Lee et al., 2012). 
 
Despite the effort that has been done in identifying the independent effects of physical 
activity on individual and population’s health, using a multi-behaviour – multi-
morbidity health framework, physical activity can also improve population health by 
acting in alternative pathways to promote additional healthy behaviors (e.g. healthier 





In addition to morbidity (Cimarras-Otal et al., 2014) and premature mortality (Evenson, 
Wen, & Herring, 2016), physical inactivity is responsible for a substantial economic 
burden (Ding et al., 2016). In the most conservative estimations, in 2013, lack of 
sufficient physical activity cost $53·8 billion worldwide, of which $31·2 billion was paid 
by the public sector, $12·9 billion by the private sector, and $9·7 billion by households. 
In addition, physical inactivity related deaths contribute to $13·7 billion in productivity 
losses (Ding et al., 2016). Just for Spain, it has been estimated that 1.53 % of the health-
care direct costs are attributable to physical inactivity (~$2000 million), one of the 
highest estimation for the European countries (Ding et al., 2016).  
 
 
1.1.2. Definition and different types of physical activity 
 
The World Health Organization defines physical activity as “any bodily movement 
produced by skeletal muscles that requires energy expenditure – including activities 
undertaken while working, playing, carrying out household chores, travelling, and 
engaging in recreational pursuits” (WHO, 2010b).  
 
There is some conceptual confusion between different terms that are often used as 
synonymous for physical activity. For instance, “exercise" refers to a subcategory of 
physical activity that is planned, structured, repetitive, and aims to improve or maintain 
one or more components of physical fitness (Caspersen & Christenson, 1985). “Physical 
fitness”, in contrast with physical activity, is a set of attributes that people have or that 
they have to achieve (Caspersen & Christenson, 1985). “Sport”, as defined by the 
European Sport Charter, includes leisure physical activity that involves an organized 
participation, aim at expressing or improving physical fitness and mental well-being, 
forming social relationships or obtaining results in competition at all levels (Berg, 
Warner, & Das, 2015; Council of Europe, 1992). Therefore, despite the general 
agreement regarding the significance of physical activity, there is a need for a more 
precise understanding of the different types of physical activity (Booth, 2000).  
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One of the most used academic classification for the different types of physical activity 
comes from the development of the International Physical Activity Questionnaire 
(IPAQ) (C. L. Craig et al., 2003) after the International Consensus Group, which met in 
Geneva in 1998. They classified physical activity as: (1) Physical activity at work or 
occupational physical activity (it can be vigorous, moderate or walking), (2) Transport-
related physical activity (walking or cycling by means of transportation), (3) Leisure-
time physical activity (vigorous or moderate activities, including walking at leisure 
time, exercise or sport participation), (4) Physical activity during household and 
gardening tasks (vigorous or moderate). Despite its academic purpose, this 
classification goes beyond that, as these different types of physical activity have 
different impact for the individual physical activity recommendations at different life 
stages (WHO, 2010b) as well as different policy implications (H. Badland & Schofield, 




1.1.3. Epidemiology of physical activity 
 
According to WHO global health data, the crude prevalence of physical inactivity in 
adults was high for 2010; it was estimated that 23.3% of adults do insufficient physical 
activity according to the WHO daily recommendations for physical activity (≥ 30 min 
of at least moderate physical activity on 5 or more occasions per week)  (WHO, 2010a). 
Overall, older people were estimated to be less active than younger people: 19% of the 
youngest age group did not meet the recommended level, compared to 55% of the 
oldest age group. However, young women were slightly less active than middle-aged 
women. Using the same dataset, the estimation for physical inactivity in Europe was 
slightly higher (24.5%); in Spain, WHO estimates of physical inactivity prevalence in 
adults was even higher (30.5%) (WHO, 2010a). 
Other estimations reveal slightly different estimations. Gerovasili et al estimated with 
Eurobameter data in 2013 that 28.6 % of European adults (age 18-64) were physically 
inactive (Gerovasili, Agaku, Vardavas, & Filippidis, 2015). Other estimations report 




European Social Survey, Marques et al estimated that 38.53 % of European adults (>18 
years old) did not reach the WHO recommendations of physical activity  (Marques, 
Sarmento, Martins, & Saboga Nunes, 2015). For this estimation, Spain was the third 
less active country in Europe, only after Israel and Iceland (Marques et al., 2015).  
In general, adult women tend to be less active than men (Gerovasili et al., 2015; WHO, 
2010a; Xu et al., 2017), and there is a well-stablished relationship between individual 
socio-economic position and physical activity (Beenackers et al., 2012; Farrell, 
Hollingsworth, Propper, & Shields, 2014; Maestre-Miquel, Regidor, Cuthill, & 
Martínez, 2015; Marques, Martins, Peralta, Catunda, & Nunes, 2016). However, these 
patterns are not the same for the different types of physical activity; the highest socio-
economic inequalities in physical activity have been reported for leisure-time and 
occupational physical activity (Beenackers et al., 2012; Cerin & Leslie, 2008) , while the 
relationship of individual socio-economic position and transport-related physical 
activity is less constant within the different studies (Beenackers et al., 2012). 
Since the industrial revolution, the social, economic and labor changes affected by the 
introduction of the market economy have changed the way in which we move and in 
which we do physical activity. However, comparison of the secular physical activity 
levels in those years are unachievable due to the lack of data  (Hallal et al., 2012), 
something that in the last 30 years has been partially achieved, as population 
representative panel questionnaires have facilitated physical activity surveillance 
(Hallal et al., 2012). Trend data from high-income countries suggest that leisure-time 
physical activity has slightly increased in adults (Hallal et al., 2012; Knuth & Hallal, 
2009; Morseth, Jacobsen, Emaus, Wilsgaard, & Jorgensen, 2016), despite gender 
differences in this increase (Chau, Chey, Burks-Young, Engelen, & Bauman, 2017). 
Regardless the promising positive trends in leisure-time physical activity, other types 
of physical activity, such as incidental, transport-related and occupational physical 
activity, are falling in some countries (Hallal et al., 2012; Knuth & Hallal, 2009; 
Stamatakis, Ekelund, & Wareham, 2007). In Spain, using the National Health Survey 
Data, leisure-time physical activity has increased in the last 30 years, with no significant 
changes in occupational physical activity (Alonso-Blanco et al., 2012) (Figure 1), 
although social inequalities by educational level might have increased in these years 
(Maestre-Miquel et al., 2015). 





Figure 1. Time trends for the prevalence of leisure-time physical activity (LTPA) and 
work-related physical activity (WRPA). Values expressed as percentages are from the 
Spanish National Health Survey and Spain data from the European Health Survey 
(2014). Adapted and updated from Alonso-Blanco et al.  (Alonso-Blanco et al., 2012) 
 
 
1.1.4. Walking as physical activity 
 
As it has been discussed before, physical activity can be conceptualized in many ways. 
In the previous section, we have classify physical activity in terms of the purpose (C. L. 
Craig et al., 2003); nevertheless, physical activity can be classified in terms of the type of 
movement that implies: walking, cycling, running, weight training….  
In contrast to other forms of physical activity, walking has the advantage of being 
accessible to most people; it does not require any special skills and it does not require 
any membership or expensive equipment. Moderate intensity physical activities that 
can be incorporated into everyday life, such as walking, may be beneficial for improving 
adherence levels to reach the WHO daily recommendations for physical activity (Hu et 
al., 1999; WHO, 2010b).  
Walking can be used for transportation (e.g. commuting to work or walking for daily 




outcomes as well as reduced mortality (Hamer & Chida, 2008). Walking can be 
specifically important for older people and women. A recent review has shown that, 
consistently, women report higher levels of walking for leisure than men (Pollard & 
Wagnild, 2017). Moreover, as older people tend to have physical limitations to some 
moves, walking (especially for transport) might be the better way to achieve WHO 
recommendations (WHO, 2010b). In Spain walking is the most common type of 
physical activity in women (Peiró-Pérez et al., 2015).   
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1.2. Population prevention approach: back to Geoffrey Rose 
 
1.2.1. Individual vs population prevention approach 
In order to tackle high physical inactivity as well as the high prevalence of chronic 
diseases, researchers, health professionals and policy-makers have identified a range of 
different conceptual and causal approaches that might lead to future interventions. 
Following Geoffrey Rose’s perspective (Rose G, 1985), there are two different issues 
when searching for disease etiology: 
o The determinants of individual cases (e.g. why this person has hypertension?). 
Most of the epidemiological studies look for this “risk factors” of disease, 
which identify certain individuals as being more susceptible to disease (e.g. this 
person might have hypertension because of his salt consumption). 
o The determinants of population incidence rate (e.g. why there are so many 
people with hypertension in my country while in other it is rare?). Following 
the same example as Rose’s in his article “Sick Individuals and sick 
populations” (Rose G, 1985) the question in this case might be “Why is 
hypertension absent in the Kenyans and common in London?” (Figure 2).  The 
answer to that question has to do with the determinants of the population 
mean; it is a shift of the whole distribution (a mass influence) acting on the 
population as a whole (e.g. different transportation options, different food 
systems…)  
 
Figure 2. Distribution of systolic blood pressure in middle-aged men in Kenya and 




These issues when addressing disease etiology drift as to two different prevention 
approaches: (1) High-risk strategy and (2) Population approach. High-risk strategies are 
the traditional medical approach to prevention; focused on individuals with high risk 
of disease, those at the extreme curve of the distribution. Examples of this are 
individual programs like smoking cessation programs or behavior change 
interventions. Despite high-risk approach has some advantages due to individual 
treatment (Rose G, 1985), there are scientific doubts of its effectiveness and the 
population impact of these interventions (Arnott et al., 2014).  On the other hand, 
population approach tries to shift the whole distribution for a given disease (or risk 
factor, or condition) on a population, so the effect of the prevention is not limited to 
high-risk individuals. It focuses on contextual factors, those affecting the whole 
population. Thus, this approach is radical, that is, tackles the root of diseases (Frohlich, 
2014).  
 
1.2.2. Cities and neighborhood as mass influences for population prevention 
approach and physical activity prevention 
 
Cities and neighborhoods have many opportunities for the prevention of non-
communicable diseases or its risk factors (Franco, Bilal, & Diez-Roux, 2015). The nature 
of urban areas, with a high density of people, services, and social relationships, creates 
the perfect environment for policy development, implementation, and evaluation 
(Franco et al., 2015). In addition, cities are internally heterogeneous, with large within 
city variation in social and physical environments, which makes it ideal for study the 
city as a whole or its neighborhood as independent analysis units (Franco et al., 2015). 
Physical inactivity follows a social gradient, with more disadvantaged populations and 
neighborhoods having a higher prevalence of physical inactivity (Farrell et al., 2014). If 
we are to understand the inequities in physical activity, prevalence, and control, we 
need to understand what makes certain neighborhoods have much higher rates of 
physical inactivity than others. If we are to bring the physical activity burden of poor 
neighborhoods closer to that of wealthier ones, we need to understand what factors 
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drive these prevalence or incidence rates. These mass influences (Rose G, 1985) across 





1.3. Built environment in the city and walkability 
 
1.3.1. Definition and framework for built environment 
 
The built environment has been one of the most focused topics in the neighborhoods 
and health literature (Diez Roux, 2007). The definitions and frameworks for delimiting 
the scope of built environment research vary across the scientific literature. For the 
purpose of this dissertation, we will include in the built environment relatively stable 
aspects of the human-made or modified environment, such as buildings, 
transportation systems, architectural and urban design features, landscape elements, 
and cultivated green spaces (Gullon & Lovasi, 2017; Lovasi, 2012) (Figure 3). The 
structures that make up the built environment affect physical exposures within the 
local environment (e.g., air quality, pollutants, water quality, climate) and the social 
environment (e.g., social capital, social interaction).  
The notion that where you live has consequences for our health is not new. From 
Engels studies on mortality in suburban areas in Liverpool (Krieger, 2001), to the 
concept of “walkable neighborhood”, research on built environment has evolved in 
many ways. Jane Jacobs was one of the early writers to discuss how the built 
environment influences how people navigate their neighborhood. As an activist and 
author, she described as an ideal city planning that features “a most intricate and close-
grained diversity of uses that give each other constant mutual support, both 
economically and socially” (Jacobs, 1961); thus, she advocated for designs that would 
mix uses, attract pedestrians to urban centers, and consequently improve the safety of 
a city by providing informal surveillance or “eyes on the street” (Jacobs, 1961). In recent 
years, measurement of place-based characteristics including features of the built 
environment in the health sciences is becoming more prominent (Prasad, Gray, Ross, 
& Kano, 2016).  
The concept of the built environment has to be differentiated from other similar terms 
as “Urban design” or “Land use” (Handy, Boarnet, Ewing, & Killingsworth, 2002). 
“Urban design” usually refers to the design of the city and the physical elements within 
it, including both their arrangement and their appearance, and is concerned with the 
function and appeal of public spaces. “Land use” typically refers to the distribution of 
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activities across space, including the proximity and density of different activities 
(usually using relatively coarse categories, such as residential, commercial, office, 
industrial, and other). The “built environment” is modifiable, subject to regulation and 
zoning changes, urban design, and investments in the transportation system. The 
actions of government feature prominently in the literature on built environment, but 
a range of other actors can be engaged, from local retail to community organizations.  
Frameworks evoking the idea of the neighborhood built environment influencing 
health frequently point to causes and consequences of built environment 
characteristics at multiple nested levels, from national to individual. A variety of 
ecological frameworks informed by the social ecological theory (Sallis et al., 2009; 
Stokols, 1996) emphasize the multiple levels of contextual influence on individual 
behavior and health.  
Several of the frameworks are tailored to the goals of observational and interventional 
research in different behavioral domains (Sallis et al., 2009).  Drawing on previously 
used frameworks that highlight the role of the built environment (Northridge, Sclar, & 
Biswas, 2003), we can classify potential levers to change the built environment (Figure 
3), distinguishing between the following: (1) land use (e.g., mixed use, residential, 
industrial); (2) transportations systems (e.g., street network design, public 
transportation infrastructure); (3) services (e.g., facilities, shopping areas, banking); (4) 
public resources (e.g., parks, open areas, cultural amenities); (5) zoning regulations (e.g., 
restricting commercial or residential uses); and (6) buildings (e.g., housing, offices, 
educational facilities). Moreover, it is important to keep in mind that the built 
environment is influenced by the socio-economic and political context (Borrell, 
Malmusi, & Muntaner, 2017) and that there are individual characteristics (notably 
socioeconomic position, and preferences that influence decisions on where to live) that 
may confound, interact with, or otherwise complicate observed associations along the 










1.3.2. Definition and framework for walkability 
 
Within the built environment and health research, metrics of neighborhood 
walkability have been among the most commonly assessed aspects of the built 
environment (C. Leal & Chaix, 2011). Street connectivity, land use mix and residential 
density are three large-scale features of neighborhood designs that are commonly 
studied for their associations with physical activity, and they are commonly named the 
3Ds of walkability (Density, diversity and design) (Cervero & Kockelman, 1997; Hajna 
et al., 2015).  
Street connectivity is usually defined as the number of three or more-way intersections 
per square kilometer within a neighborhood buffer, where a greater number of 
intersections is indicative of increased ease of movement between origins (e.g., 
residences) and destinations (e.g., shops, parks) (Frank, Andresen, & Schmid, 2004). 
Neighborhoods with higher intersection density slow traffic as a result of multiple 
stopping sites and allow pedestrians to reach their destinations via a variety of routes, 
 
Figure 3. Framework to study built environment and health. Adapted from Gullon and 
Lovasi (Gullon & Lovasi, 2017) 
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making non-motorized transport more appealing (Leslie et al., 2007). Land use mix is 
a measure of the different types of land uses in a neighborhood (Frank et al., 2004). 
Different land uses encourage walking by providing residencies located above street-
level shops and in close proximity to services making it convenient for residents to 
walk to these locations (Leslie et al., 2007); single land-use neighborhoods make 
motorized transportation to points of interest a near necessity (Saelens, Sallis, & Frank, 
2003). Residential density is defined as the number of residences per square kilometer 
of residential land area in the home buffer (Adams et al., 2014) or per square kilometer 
of the household (Frank et al., 2004). Neighborhoods with higher residential density 
are generally more conducive to non-motorized transport as a result of there being 
more people to visit and a greater demand for accessible services (Saelens et al., 2003). 
As street connectivity, land use mix and residential density are correlated (Frank, 
Schmid, Sallis, Chapman, & Saelens, 2005), researchers usually aggregate these three 
measures into a “walkability index” when estimating their associations with health 
outcomes (Frank et al., 2005). Living in these “high walkability index” areas is 
consistently associated, as shown by different systematic reviews, with achieving greater 
levels of total physical activity (Barnett, Barnett, Nathan, Van Cauwenberg, & Cerin, 
2017), more daily steps (Hajna et al., 2015), higher odds of walking for transport and 
active transportation (Grasser, Van Dyck, Titze, & Stronegger, 2013; Saelens & Handy, 
2008), and decrease in cardiovascular risk (Bhatnagar, 2017; Malambo, Kengne, De 
Villiers, Lambert, & Puoane, 2016).  
Other aspects of the built environment may encourage or discourage walking. 
Examples that play a role in the perceived safety and attractiveness of neighborhoods 
for walking include sidewalk width (Cervero & Kockelman, 1997) or quality (Boehmer, 
Hoehner, Deshpande, Brennan Ramirez, & Brownson, 2007), the presence of natural 
features such as trees (Larsen et al., 2009), or human-scale architectural features of 
streetscapes (Ewing, Handy, Brownson, Clemente, & Winston, 2006). More ephemeral 
measures of the environment that may also be relevant to walking behavior include 
litter (Shenassa, Liebhaber, & Ezeamama, 2006) or physical disorder (Molnar, 
Gortmaker, Bull, & Buka, 2004).  
Given this, different frameworks have widened the concept of walkability, including 




et al., 2014). Difference between them are the scale effect; macro elements are defined 
for the whole neighborhood while micro elements are punctual and usually are proxy 
of more complex conceptual constructs (e.g. litter as a measure for neighborhood 
security; trees as aesthetics). For instance, using stakeholder interview and a Delphi 
study Australian researchers found four factors that may support walking behavior 
within your residency neighborhood: (1) function, (2) safety, (3) aesthetics and (4) 
destinations (T. Pikora, Giles-Corti, Bull, Jamrozik, & Donovan, 2003) (Table 1). 
Function relates to the physical attributes of the street and path that reflect the 
fundamental structural aspects of the local environment; safety features reflect the need 
to provide safe physical environments for people (including personal safety and traffic 
safety); aesthetics includes features that make streets and neighborhoods pleasant to 
walk in there; destinations are the presence of community and commercial facilities in 
neighborhoods, including local facilities, parks, public transportation, services and 
shops.  
 
Table 1. Factors that influence walking in the neighborhood (T. Pikora et al., 2003) 
 
Factors Definition Elements’ example 
Function Physical attributes of the street and 
path that reflect the fundamental 
structural aspects of the local 
environment 
Direct routes; Kerb type; Street 
type; Path width; Path surface 
Safety Features reflecting the need to 
provide safe physical environments 
for people 
Personal safety (surveillance, 
lighting); traffic safety (crossing 
aids; traffic limitation) 
Aesthetics Features that make streets and 
neighborhoods pleasant to walk in 
there 
Trees; Cleanliness; Architecture; 
Garden maintenance 
Destinations Presence of community and 
commercial facilities in 
neighborhoods 
Local facilities; Parks; Public 
transport; Shops 
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This classification may have implications for physical activity interventions. For 
example, destinations are more important for walking for transport; while aesthetics 
might be more important for walking for recreation in leisure time (T. J. Pikora et al., 
2006; Saelens & Handy, 2008) 
As concepts such as neighborhood walkability (Frank et al., 2005; Moudon et al., 2006) 
have become more prominent, they have increasing power to shape policy discussions 
(Ottoson et al., 2009), real estate markets (Burchell & Mukherji, 2003; Dyck, Cardon, 





1.4. Methods and tools for measuring built environment and walkability: 
integration and mixed methods 
 
1.4.1. Classification of tools and methods to measure walkability 
 
The development of reliable methods and tools to audit the qualities of the urban 
environment that likely impact physical activity remains an ongoing challenge for 
public health researchers, urban planners and policymakers. Some researchers classify 
these tools into subjective (questionnaires, interviews, qualitative and participative 
methods) and objective tools (direct observation with checklists, official dataset, etc.) 
(Diez Roux, 2007).  
These characteristics can be gathered from large-scale GIS datasets. Geographic 
Information Systems (GIS) has been playing a crucial role. GIS and geographic 
information science (GIScience) combine computer-mapping capabilities with 
additional database management and data analysis tools. GIS helps to understand 
relationship of events and phenomena with a spatial component, it serves as an 
effective integrating tool, it permits an integration of all collected information together 
with contextual information such as street network, land parcel and building polygons. 
Moreover, the establishment of a georeferenced enables future analysis and modeling 
(Escobar, Green, Waters, & Williamson, 2000). Table 2 provides a summary of the 
different quantitative options for measuring built environment and walkability. 
Secondary GIS data, while seldom free of error, have the advantage of being 
independent of behavior or health assessments, avoiding same-source bias (Gullón, 
Bilal, & Franco, 2014). Such GIS data are, however, often limited in their coverage of 
features relevant to the pathway of interest.  
Direct observation is another type of objective measurement, whereby trained 
observers undertake audits or checklists, which assess different aspects of the streets or 
neighborhoods. These observations can include focused measurement of one 
characteristic of the environment (e.g., the presence of crosswalks); integrative 
information about the environment (e.g., density of buildings or traffic (Chow et al., 
2009)); or multifaceted assessments multiple items that represent different aspects of 
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the environment (e.g., indicators of aesthetics or physical disorder). However, virtual 
audits are emerging as an option for independent assessment of the local built 
environment, tailored to the research questions of interest (Charreire et al., 2014). For 
logistical reasons, especially for studies in large geographic areas, there has been 
increasing interest for virtually measuring attributes of the built environment thought 
to be associated with health. Such virtual audits avoid travel time and related expenses, 
and leverage open-access mapping technologies and stored image repositories, such as 
Google Street View (Charreire et al., 2014).  
Another intriguing new direction is to use mobile-devices for ecological momentary 
assessments (Dunton, Liao, Intille, Spruijt-Metz, & Pentz, 2011; Knell et al., 2017); by 
capturing perceptions of the environment and transient outcomes such as mood at 
multiple locations and over time, this strategy creates opportunities for within-person 
comparisons. 
While concerns about information bias are often raised when built environment 
characteristics are reported by study subjects, the perspectives and perceptions of 
residents are important to understand, especially for psychosocial or behaviorally-
mediated pathways (Blacksher & Lovasi, 2012).  Ecometric approaches (Mujahid, Diez 
Roux, Morenoff, & Raghunathan, 2007) and audits conducted by community members 
(Hoehner, Ivy, Brennan Ramirez, Meriwether, & Brownson, 2006) are promising in 
that they incorporate perspectives of nearby residents, capturing aspects of the lived 
experience that may be missed by objective measures alone while avoiding reliance on 
the same person for reporting on the environment and outcome.  
Another different approach is the use of qualitative methods (Moran et al., 2014) or 
participatory research approaches (Belon, Nieuwendyk, Vallianatos, & Nykiforuk, 
2014). Qualitative methods can address some of the inconsistency results of 
quantitative measures and carry the potential to inform and complement quantitative 
research on neighborhoods and health. Qualitative methods use interactive strategies 
to understand the meanings of people’s interactions with their environments. 
Consequently, these methods can help to explain not only what, but also how and why 
environmental factors relate to physical activity. Participatory methods (e.g. 




opportunity to engage community residents in policy-change (Belon et al., 2014; Díez 
et al., 2017). 
 
Table 2. Options and technologies to provide quantitative measures for walkability and 
the built environment (Gullon & Lovasi, 2017) 
 
Measurement modalities Example measures 
Secondary data 
 
Walkability index (residential density, land use, 
destinations, connectivity), access to parks and 






Single characteristic of a street/block (e.g., the 
presence of crosswalks); integrative information 
about the environment (e.g., density of buildings or 
traffic); or multifaceted assessments multiple items 
that represent different aspects of the urban 




 Ecological momentary assessment: perceptions of 
the environment and transient outcomes such as 





Perceptions of access to destinations or outlets, 
distance to public transportation, safety, aesthetics 
 
 
1.4.2. Integration of methods and tools and mixed methods analysis 
 
All this methods and tools are usually used as different strategies to follow depending 
on their availability at the time. However, most of these tools and methods imply 
methodological and theoretical assumptions that should be taken into account when 
choosing the right methodology for achieving your objectives in urban health research. 
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Thus, integration of these different methods and tools is a key element for urban health 
research.  
Mixed methods are an umbrella term encompassing multifaceted procedures that 
combine and synthesize methods, or triangulate subjective and objective data 
collection methods. Mixed-method designs include both qualitative and quantitative 
methods. Mixed methods are also key to illuminating complex research problems such 
as health disparities and urban health, therefore the use of this methodological 
approach has been increasing to understand public health issues (Creswell, Klassen, 
Plano, & Smith, 2011). 
There are different approaches to integrate quantitative and qualitative data using a 
mixed methods analysis. One of the most easy-to-follow techniques is the concurrent 
integration approach. This strategy integrates data by a joint analysis presenting a 
merged result of quantitative and qualitative data. This concurrent integration 
approach to merging quantitative and qualitative data increases understanding or 
develops a complementary picture; nonetheless, sequential timing approach (e.g.: an 
initial phase of formative qualitative research followed by the design of quantitative 
tools) could be an alternative for large studies, where a formative research at the 





1.5. Neighborhood dynamics 
 
1.5.1. Theories of neighborhood dynamics and neighborhood change 
 
Neighborhood and cities are not static entities, they change in its physical form and 
composition. There are different theories to explain the dynamics of cities and 
neighborhoods; as suggested by Van Ham (van Ham, Manley, Bailey, Simpson, & 
Maclennan, 2013), these theories can be summarized in three groups: 
o Neighborhood selection: these theories place household behavior as central. 
People choose to live in (or not to, or leave) certain neighborhoods, and these 
decisions alter the composition of neighborhoods. 
o Internal changes: these theories follow the path of the “non-movers”. 
Neighborhood change because they change in the demographics and socio-
economic composition of the people that already live there. 
o External shock: structural changes to the neighborhood can also change the 
shape of the neighborhood, including changes in the labor market and large 
scale (re) generations. Within the external shock theories, there is the role of 
institutions such as banks or local and national governments. 
Urban form changes at a slower pace than social composition, as citizens might move 
following a social gradient in response to changes in the housing prices market 
(Koschinsky & Talen, 2015). At the same time, urban form tends to change at a slow 
pace, given its constrains in some parts of the city (e.g. inner old city). In order to 
understand the socio-spatial inequalities in walkability there is a need to incorporate 
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1.5.2. Gentrification and urban renewal 
 
Urban renewal projects aim to provide improvements in physical infrastructure, 
economical gains and social integration (Mehdipanah et al., 2014), with its final goal of 
creating healthier environments. There are some quasi-experimental design that have 
evaluated the effect of urban renewal on health inequalities (Mehdipanah et al., 2014) 
and its complex mechanisms with health (Mehdipanah et al., 2015). 
However, urban renewal projects can lead to gentrification (Sorando & Ardura, 2016). 
Gentrification is a process of renovation of deteriorated urban neighborhoods by 
means of the influx of more affluent residents (Sorando & Ardura, 2016); therefore, 
urban renewal projects aiming at improving health outcomes may have their impact in 
new neighbors because to gentrification processes (Cole, Garcia Lamarca, Connolly, & 
Anguelovski, 2017). For example, in the US greater increases in destinations for walking 
were associated with higher median household income (Hirsch et al., 2016). In the last 
years, there has been an increasing academic interest to study the health effects of 
gentrification (McCartney et al., 2017; Wood et al., 2017), although more research is 






1.6. Justification of this research 
 
The theoretical concept of walkability was developed to explain active modes of 
transport—in particular, in the USA and Australia. Despite there has been an 
increasing interest in walkability, built environment, and health research in Europe 
(Sallis et al., 2016; Van Holle et al., 2012), most of the studies use the same methods and 
tools that were developed for US and Australia. However, Australian and American 
cities differ from the European ones in their shape and neighborhood composition, 
due to its different historical processes and urban and economic policies in the last 50 
years (Kazepov, 2005; J. Leal & Sorando, 2016). For example, European cities tend to be 
more compact compared to US and Australian cities, and urban sprawl process (and 
thus, dependence to cars) that happened in the early-50s in the US has been delayed in 
European cities (particularly in Mediterranean cities like Madrid) until recent years 
(Kasanko et al., 2006; Oueslati, Alvanides, & Garrod, 2015). Therefore, there is a need to 
adapt and create different tools, methods and indicators that are suitable and cost-
effective for European settings  (Grasser, van Dyck, Titze, & Stronegger, 2016; Schwarz, 
2010).  
While some of the associations between walkability and health outcomes may in part 
be mediated by higher physical activity and hence energy expenditure, they may also 
be mediated by energy intake relating to the availability of outlets selling energy dense 
food. Moreover, this measures and tools are often presented as separate pieces or the 
puzzle on the relationship between neighborhoods and health.. Thus, there is an 
important gap here to cover:  to integrate walkability with other quantitative and 
qualitative measures of a “cardiovascular healthy” neighborhood. To do so, mixed 
methods (Creswell et al., 2011) are the best strategy to follow.  
Lastly, as is appointed in the “Neighborhood dynamics” section of the introduction, in 
order to understand the socio-spatial inequalities in walkability there is a need to 
incorporate variables that can help to understand the dynamics and the history of the 
city. In this study, we try to encompass this challenge by incorporating variables of 
change in social composition and the age of the neighborhood. 
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1.7. Setting: The Heart Healthy Hoods project 
 
The Heart Healthy Hoods (HHH) project (hhhproject.eu), funded by the European 
Research Council, is a social epidemiology study that aims to study the association 
between the social and physical features of the urban environment in relation to 
cardiovascular health in the whole municipality of Madrid (Franco et al., 2015). The 
HHH project focuses of four domains of the urban domains: physical activity, food, 
tobacco and alcohol environments (Carreño, Franco, Gullón, & Carreño, 2015). 
Specifically, for this project it will be assessed the food, physical activity and tobacco 
environments of the city of Madrid, Spain, using three complementary approaches: 
inhabitant perceptions, geographic information systems and systematic social 
observation. These observations will then be correlated with cardiovascular health data 
obtained from two different sources: first, a primary care-based cohort study including 
2200 persons from 31 Primary Health Care Centers, and second, a whole-population 
study including every citizen 40-75 years old using primary care electronic health 
records (>99% coverage). This study will combine ecometrics, geography, sociology and 
anthropology, to obtain a comprehensive description of the environments within 
which our population resides and works. In addition, the cohort study will include 
direct measures of cardiovascular health indicators, constituting a robust and multi-
faceted source of data. The whole-population study offers the potential to have a 
complete portrait of the cardiovascular health of the ~1.5 million inhabitants of Madrid.  
This PhD dissertation takes place at the first stages of the Heart Healthy Hoods 
project, aiming at designing novel methods to better characterize the physical 
environment of Madrid (in these case, the physical activity environment and the 
walkability of Madrid). Also, it uses data from the HHH pilot study that took place in 
a Median Socioeconomic Neighborhood of Madrid. 
 
  





















The general objective of this PhD dissertation is the development and integration of 
different tools and methods to measure walkability, and to explore the socio-spatial 
distribution of these measures. As this is a broad issue to address, different specific 
objectives are proposed; each of these objectives correspond to a different study. 
 
Specific objectives  
1. To develop and validate an audit tool (Madrid Systematic Pedestrian and Cycling 
Environment Scan – M-SPACES) to measure walkability and bikeability in the 
streets of Madrid 
1.1. To test if the M-SPACES can differentiate walking and cycling environments 
across different urban-form areas in Madrid 
1.2. To assess the validity of the M-SPACES in a virtual urban setting using Google 
Street View 
1.3. To assess the reliability (intra- and inter-rater) of the M-SPACES audit tool 
 
2. To explore the integration of the M-SPACES walkability with other quantitative, 
qualitative and health indicators of the physical and social environment in a 
median sociodemographic area in Madrid 
2.1. To explore different quantitative and qualitative measurements to 
characterize the social and physical urban environment in relation to food, 
alcohol, tobacco and physical activity 
2.2. To describe the cardiovascular health profile of a population over 15,000 
residents living in this area analyzing the Madrid Primary Health Care System 
electronic health records 
 
3. To study the distribution of small area-level walkability measured with secondary 
datasets for all the census sections of the city of Madrid in 2014 
General and specific objectives 
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3.1. To evaluate the association between small area-level socioeconomic status and 
walkability in Madrid 
3.2. To evaluate the potential effect modification by indicators of neighborhood 
dynamics (gentrification and neighborhood age) 
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In order to reach the specific objectives, three studies are proposed, each of them with 
its different methodology approach: 
 
3.1. Study 1 
Three areas (clusters of 12 census section each) of diverse population density (low, 
medium, high) were selected in Madrid. These 36 census sections were composed of 
500 street segments, defined as the street from one intersection to another. M-SPACES 
was used to audit street segments physically and virtually (Google Street View) by two 
researchers in 2013-2014. The tool assessed four factors: function, safety, aesthetics and 
destinations. Audit scores were compared by area and by measurement method; also, 
intra- and inter-rater agreement was assessed. 
3.2. Study 2 
We conducted this study in an area of 16,000 residents in Madrid (Spain). We obtained 
cardiovascular health and risk factors data from all residents aged 45 and above using 
Electronic Health Records from the Madrid Primary Health Care System. We used 
several quantitative audit tools to assess: the type and location of food outlets and 
healthy food availability; tobacco and alcohol points of sale; walkability of all streets 
and use of parks and public spaces. We also conducted 11 qualitative interviews with 
key informants to help understanding the relationships between urban environment 
and cardiovascular behaviors. We integrated quantitative and qualitative data following 
a mixed-methods merging approach. 
3.3. Study 3 
All census sections of the city of Madrid (n = 2415) were included. Area-level SES was 
measured using a composite index of 7 indicators in 4 domains (education, wealth, 
occupation and living conditions). Two neighborhood dynamics factors were 
computed: gentrification, proxied by change in education levels in the previous 10 
years, and neighborhood age, proxied by median year of construction of housing units 
in the area. Walkability was measured using a composite index of 4 indicators 
(Residential Density, Population Density, Retail Destinations and Street Connectivity). 
We modeled the association using linear mixed models with random intercepts.
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4.1. Assessing walking and cycling environments in the city of Madrid: 
comparing on-field and virtual audits 
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BACKGROUND
Cardiovascular diseases (CVD) are the leading cause of death in Europe1 and their
social, medical and economic burden will likely increase over the coming decades.2
One of the major risk factors for CVD is physical inactivity.3 Walking and cycling,
as a mean of active transportation and commuting4, are the main determinants of
physical activity levels when considering population health approaches.5, 6
Worldwide, it is estimated that the failure to spend 15–30 min a day briskly
walking is responsible for 6–10 % of the burden of major noncommunicable
diseases.7
In order to tackle this problem, researchers, health professionals, and policy-
makers have identified a range of population approaches to support physical activity
accumulation throughout the day. Population approaches for disease prevention
attempts to shift the whole distribution of a population for a given risk factor, so the
effect of the prevention is not limited to high-risk individuals.8 This approach
focuses on contextual factors, such as physical and social environments, and is often
conceptualized within a socioecological framework.9 Physical activity behaviors are
increasingly studied within socioecological frameworks, with one of the possible
areas for investigation being the urban environment.10–14
The development of reliable tools and methods to audit the physical qualities of
the urban environment that likely impact physical activity remains an ongoing
challenge for public health researchers. More than 30 field audit instruments have
been developed in recent years,15 which can be further classified into subjective
(questionnaires and interviews) and objective tools (direct observation with
checklists, official dataset, etc.).11, 16, 17 The use of subjective or objective tools
depends on the objective of the study and the availability of research resources.16
Direct observation is one type of objective measure, whereby trained observers
undertake audits or checklists, which assess different aspects of the urban
environment. These can be simple measures of one characteristic of the environment,
such as the distance to specific destinations; information about general environment
(e.g., density of buildings or traffic);11 or assess multiple items that represent
different aspects of the urban environment. The study of specific urban domains for
walking (e.g., streets quality, pedestrians’ safety) and cycling (e.g., cycle lanes, cycle
storage) has been one of the main focuses when developing audit tools to study the
relationship between urban environment and physical activity16.
For logistical reasons, especially for studies in large geographic areas, there has
been increasing interest for virtually measuring attributes of the urban environment
thought to be associated with physical activity. Furthermore, many of these
measures lend themselves well to using open-access mapping technologies, such as
Google Earth, Google Street View, or Microsoft Visual Earth.18 Compared with
physical audits, virtual audits may provide a faster, easier, cheaper, safer, and more
reliable method to assess the urban environment.18 To date, Google Street View is
the most available and accessible form of omnidirectional imagery, providing
coverage for most European, USA, and Australasian urban areas.
Experiences of using open-source mapping technologies have emerged mostly in
the USA15, 19–24, but also in Canada,25, 26 Australia,27 New Zealand28, UK,29
Netherlands,30 and Belgium.31 Due to historical reasons, European cities32 have
different urban forms compared to cities in North America or Australia, and
therefore, the study of the urban environment in Europe has its own challenges. As
there are few experiences in Europe where the validity of applying a streetscape
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audit tool virtually has been assessed, another European context is warranted.
Besides, within the European context, Mediterranean cities are characterized for
being more compact in terms of urban sprawl.33
The objectives of this study are the following: (1) to test if the Madrid Systematic
Pedestrian and Cycling Environment Scan (M-SPACES) can differentiate walking
and cycling environments across different urban-form areas in Madrid, Spain; (2) to
assess the validity of the M-SPACES in a virtual urban setting using Google Street




This study is part of the Heart Healthy Hoods (HHH) project (http://hhhproject.eu/
). The HHH project examines the association between the social and physical
features of the urban environment in relation to adults’ cardiovascular health living
in the city of Madrid, Spain.
In 2011, Madrid city had an estimated population of 3,198,645 citizens.34
Madrid is structured in 21 districts, each of which is subdivided into neighborhoods.
Neighborhoods are also divided in units of ∼1000–1500 residents, called census
sections. A total of 36 census sections were selected for this study, providing an
estimated population of 49,260 residents.34 Three areas, each comprising 12 census
sections, were selected in Madrid based on variation (low, medium, high) in
residential population per square mile and on homogeneity in terms of
sociodemographic characteristics (all three areas had average scores in terms of
education, immigration and aging).34 In order to obtain clusters of 12 census
sections, the Kulldorff’ spatial scan statistic software was used (Fig. 1).35 These 36
census sections included a total of 500 street segments defined as the street line from
one intersection to another. These areas were located in the districts of Carabanchel,
Ciudad Lineal, and Chamartín, respectively. Population density was used as a proxy
of different urban form; also, population density has been positively related with
walking in a recent systematic review.36
Measurement
Development of M-SPACES The M-SPACES is an observational audit tool of
urban attributes associated with walking and cycling along a street network. The
original tool was developed by Australian researchers to represent physical
environments that may promote or inhibit walking or cycling.37 Using stakeholder
interviews and a Delphi study, four factors were identified that likely support
physical activity behavior within the neighborhood environment: function, safety,
aesthetics, and destinations.37 Each factor consisted of different elements, which
were further reduced to items. Within the same Delphi group, depending on the
importance for supporting neighborhood walking and cycling, weights were applied.
As part of the URBAN study,38 the SPACES tool was further refined by adjusting
the item weights for the New Zealand context.28 From the NZ-SPACES tool, small
adjustments were made for the M-SPACES measure to be applied to Madrid, as
some features of the audit tool could not be differentiated in this urban context.
Small adjustments were: summing the item weights for “negotiation of footpath”
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and “type of footpath” into a single item called “type of footpath”; similarly, we
aggregated “footpath smoothness” and “footpath smoothness/condition” into a
variable called “footpath smoothness.” We also modified the “Destinations” item by
adding the number of destinations present in the street segment, as most of Madrid’s
segments presented many destinations, and we considered important to discriminate
the number of destinations. These adjustments did not affect the final weights of the
elements and factors. Final items, elements, factors and their weights are shown in
Table 1. M-SPACES audit tool can be found in the online supplementary material.
M-SPACES Training Two field researchers underwent familiarization training,
where practice physical and virtual audits occurred using the M-SPACES. Both
researchers piloted the tool with supervision for 2 h in Ciudad Lineal. Training
audits were completed following the SPACES protocol outlined in the manual.39
On Field and Virtual Measurements Two researchers conducted physical and
virtual audits of the 36 census sections previously identified using the M-SPACES
audit tool (Fig. 2). Between February and May 2014 the field researchers completed
the M-SPACES physical audit by walking together along both sides of the street
segments. Virtual audits of the streetscapes were completed using Google Street View
software. Images of the 36 census sections were recorded by Google between
May 2008 and February 2014 (Fig. 3); 152 segments (30.4 %) were recorded before
2010. The order of measurement of the three areas was not randomized; starting
with the medium density area (Ciudad Lineal) followed by the high (Chamartín) and
the low (Carabanchel) density areas. Within each area, we randomly selected half of
the census sections for physical audit first, followed by the virtual audit; the
FIG. 1 Madrid city with the study areas selected.
GULLÓN ET AL.















1.00 Other routes available 0.50
Neighborhood legibility 0.50
Walking infrastructure 0.33 Seats 0.50
Trees/verandas 0.50
Safety Street (lanes) 0.33 Number of lanes 1.00
Fixed traffic controls 0.33 Traffic control devices
present
1.00
Path safety 0.66 Path location 0.30




Traffic safety 0.66 Crossing type 0.50
Crossing aids 0.30
Visible driveways 0.20













Function Cycling surface 1.00 Path type 0.30






1.00 Other routes available 0.50
Neighborhood legibility 0.50
Cycling infrastructure 0.33 Cycle storage 1.00
Safety Streets (lanes) 0.66 Number of lanes 1.00
Fixed traffic controls 0.66 Traffic control devices
present
1.00
Traffic safety 0.33 Crossing type 0.50
Crossing aids 0.30
Visible driveways 0.20
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remaining half were audited in the reverse order to reduce the effect of taking the
same measures of the same streetscape.
Time taken to complete the audit for each street segment was recorded for both
virtual and on-field measurements. Also, time travel to each of the areas by public
transportation was calculated using Google Maps software. To do so, Instituto de
Salud Carlos III (Avenida Monforte de Lemos 5, 28029, Madrid, Spain) was used as
the departure location for all areas, and its closest point of the area as the arrival
location. Monday 8:00 A.M. was chosen as the departure hour.
Inter-Rater and Intra-Rater Reliability Inter-rater agreement was assessed between
the two researchers for both physical and virtual audits. In order to measure intra-
rater reliability, physical and virtual audit data collected in April 2013 by one of the
















Destinations Land use mix 1.00 Number of destinations
present
Out of 10
FIG. 2 Description of the M-SPACES assessment by two raters across the study areas.
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adjustments to the M-SPACES audit tool (i.e., grouping and refining items) were
made after this first assessment; therefore “Destinations” was excluded for the intra-
rater agreement analysis.
Statistical Analysis
In order to test if the M-SPACES scores differed by urban form, we performed an
analysis of variance (ANOVA) of mean scores by area. Level of significance was set
as pG0.05.
A two-way mixed model intraclass correlation coefficient (ICC) was used to
measure the following: (a) agreement between physical and virtual audits, (b) inter-
rater agreement between the two researchers, and (c) intra-rater agreement
comparing M-SPACES assessments in 2013 and 2014.40, 41 The ICC measured the
percentage of total variability for a given street segment:
ICC ¼ k⋅ISS−TSS
k−1ð Þ⋅TSS
Where “k” refers to the number of street segments, “TSS” total sum of squares,
and “ISS” inter-group sum of squares.
Following Landis and Koch classification, the cutoff ranges for ICC values used
were as follows: 0.0–0.20 (weak agreement), 0.21–0.40 (poor agreement), 0.41–
0.60 (moderate agreement), 0.61–0.80 (substantial agreement), and 0.81–1.00
(almost perfect agreement).42All analyses were conducted using Stata SE version
12.1 (StataCorp., College Station, TX, USA).
Mapping
Geographic information systems (GIS) were adopted with a twofold aim. On the one
hand, it constitutes the underlying technology allowing for the integration of all
collected information together with contextual information such as street network,
land parcel and building polygons. On the other hand, the establishment of a geo-
referenced database on the subject will make possible future analysis and modeling.
All data layers, both collected and downloaded from official sources, were first
projected and referenced to a common system. Absolute differences between on-field
and virtual audits of M-SPACES total scores for walking and cycling were then
joined to the attribute table of the street segment data sets by means of relational
FIG. 3 Picture of a street feature as it was observed in physical (left) and virtual audit (right).
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union in order to represent it in a map. All GIS-related operations were undertaken
with ArcGIS software (ESRI, Redlands, CA, USA).
RESULTS
A total of 454 street segments (90.8 %) included in the three study areas were
measured both physically and virtually. Of the 46 street segments that were not
audited, 20 were excluded as Google Street View imagery was unavailable (i.e.,
pedestrian streets that were inaccessible to the vehicles where images are captured
from). The remaining excluded street segments (n=26) were too short to measure,
and their characteristics were subsequently absorbed into the closest street segment.
Differentiation of Areas with M-SPACES in Madrid
Data presented in Table 2 show the scores for the M-SPACES factors across the
three different residential density areas. Function for walking scores was higher in
the medium-density area (Ciudad Lineal), while cycling functionality was higher in
the lowest-density area (Carabanchel). Safety factor scores for walking and cycling
were higher in the highest density area (Chamartín). Also, Chamartín had the
highest scores for destinations to walk and cycle. Destinations yielded the greatest
difference between the areas, whereby Chamartin (0.55) almost doubled
Carabanchel’s mean score for destinations present (0.29). All differences were
statistically significant (pG0.05).
Google Street View Validity
Physical and virtual audits reported substantial (ICC90.60–0.80) or almost perfect
agreement (ICC90.80) for 6/11 elements for walking and 5/10 elements for cycling,
and also for total scores (Table 3). Walking infrastructure, traffic safety, streetscape
aesthetics, and destinations demonstrated almost perfect agreement (ICC=0.86,
0.89, 0.80, and 0.85, respectively). However, walking surface and cycling
infrastructure showed poor agreement (ICC=0.36 and 0.39, respectively), while
cycling surface, streets lane, and subjective walking and cycling assessment showed
TABLE 2 Differences in M-SPACES factors between the three study areas














Function 1.18 (0.28) 1.41 (0.31) 1.35 (0.33) 0.002*
Safety 1.07 (0.22) 1.03 (0.24) 1.03 (0.22) 0.026*
Aesthetics 0.75 (0.25) 0.77 (0.27) 0.91 (0.29) G0.001*
Destinations 0.55 (0.29) 0.43 (0.27) 0.29 (0.21) G0.001*
Cycling factors
Function 0.87 (0.24) 0.93 (0.23) 1.00 (0.29) G0.001*
Safety 1.05 (0.21) 0.94 (0.25) 1.02 (0.23) 0.005*
Aesthetics 0.44 (0.16) 0.45 (0.18) 0.55 (0.17) G0.001*
Destinations 0.55 (0.29) 0.43 (0.27) 0.29 (0.21) G0.001*
aStatistical significance of the difference in means across the study areas in each factor (pG0.05)
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moderate agreement (ICC=0.51, 0.41, 0.55, and 0.53, respectively). Figure 4 shows
walking and cycling total scores’ difference between physical and virtual audits.
Intra-Rater Reliability
Most elements demonstrated moderate or substantial intra-rater agreement
(ICC=0.40–0.80) (Table 4). Walking infrastructure, streets lane, traffic safety, and
view aesthetics had almost perfect agreement (ICC90.80). Intra-rater agreement for
the virtual auditing was higher for aesthetics (ICC=0.81) than the intra-rater
agreement for aesthetics in the physical audits (ICC=0.45).
Vast differences existed for view aesthetics (physical audit: ICC=0.15; virtual
audit: ICC=0.88). Path safety, cycling surface (only for the physical measurement)






score ICC 95 % CI
Walking
Function Walking surface 0.92 0.96 0.36b 0.28–0.44
Neighborhood
permeability
0.56 0.56 0.69d 0.64–0.73
Walking infrastructure 0.19 0.18 0.86e 0.84–0.89
Safety Streets (lane) 0.88 0.89 0.41c 0.33–0.48
Fixed traffic controls 0.43 0.43 0.58c 0.52–0.64
Path safety 0.35 0.35 0.48c 0.41–0.55
Traffic safety 0.87 0.87 0.89e 0.87–0.91
Aesthetics Streetscape aesthetics 0.33 0.36 0.80e 0.77–0.84
View aesthetics 0.56 0.53 0.75d 0.71–0.79
Subjective walking
assessment
0.56 0.64 0.55c 0.48–0.61
Destinations Land use mix 0.41 0.41 0.85e 0.83–0.88
Total Sum of factors weights 4.00 4.06 0.87e 0.85–0.89
Cycling
Function Cycling surface 0.65 0.41 0.51c 0.44–0.57
Neighborhood
permeability
0.56 0.56 0.69d 0.64–0.73
Cycling infrastructure 0.01 0.01 0.39b 0.31–0.47
Safety Streets (lane) 0.88 0.89 0.40c 0.33–0.48
Fixed traffic controls 0.43 0.43 0.58c 0.52–0.64
Traffic safety 0.87 0.87 0.89e 0.87–0.91
Aesthetics Streetscape aesthetics 0.32 0.36 0.80e 0.77–0.84
View aesthetics 0.56 0.53 0.75d 0.71–0.79
Subjective cycling
assessment
0.56 0.64 0.53d 0.46–0.59
Destinations Land use mix 0.42 0.42 0.85e 0.83–0.88
Total Sum of factors weights 3.29 3.35 0.77d 0.72–0.80
ICC intraclass correlation coefficient, CI confidence interval
aWeak agreement (ICC G0.2)
bPoor agreement (ICC 0.2–0.4)
cModerate agreement (ICC 0.4–0.6)
dSubstantial agreement (ICC 0.6–0.8)
eAlmost perfect agreement (ICC 90.8)
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and cycling infrastructure had an ICC=0.00, and thus were regarded as being highly
unreliable.
Inter-Rater Reliability
In general, inter-rater agreement was low (Table 5). The agreement between the two
observers was better for the physical audits when compared with the virtual audits.
FIG. 4 Absolute differences between physical and virtual audits for walking (left) and cycling (right)
total M-SPACES score.
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Both physical and virtual walking and cycling surface elements showed weak inter-
rater agreement (ICCG0.20). Apart from virtual cycling infrastructure (e.g., cycle
storage) (ICC=0.47), physical and virtual audits of walking and cycling infrastruc-
ture showed substantial agreement (ICC=0.60–0.80). Aesthetics and subjective
assessments tended to have lower agreement (ICCG0.40) than the streetscape
aesthetics. Virtual path safety inter-rater agreement was weak (ICC=0.08), especially
when compared with the inter-rater agreement using the physical audit (ICC=0.32).
Time Taken to Complete the Audits
Overall, the time taken to measure each street segment was faster for on-field
auditing (2.45 min per segment) than virtual auditing (2.76 min per segment), and
this was consistently shown across the three areas. In Chamartín, virtual auditing
took 2.87 min per street segment compared with 2.42 min for the physical
assessment. In Ciudad Lineal it took a meantime of 2.84 min virtually and 2.33 min
TABLE 4 Intra-rater agreement between elements assessed by one rater twice (2013 and 2014)
(n=152 street segments)
Physical Virtual
Factor Element ICC 95 % CI ICC 95 % CI
Walking
Function Walking surface 0.54c 0.43–0.66 0.30b 0.15–0.45
Neighborhood permeability 0.49c 0.37–0.61 0.48c 0.35–0.60
Walking infrastructure 0.85e 0.80–0.89 0.82e 0.76–0.90
Safety Streets (lane) 0.92e 0.89–0.94 0.91e 0.89–0.94
Fixed traffic controls 0.59c 0.49–0.69 0.74d 0.66–0.81
Path safety 0.00a 0.00–0.17 0.00a 0.00–0.16
Traffic safety 0.77d 0.71–0.84 0.80e 0.74–0.86
Aesthetics Streetscape aesthetics 0.72d 0.65–0.80 0.69d 0.60–0.77
View aesthetics 0.15a 0.00–0.30 0.88e 0.85–0.92
Subjective walking assessment 0.42c 0.29–0.55 0.52c 0.40–0.64
Destinations Land use mix N.A. N.A. N.A. N.A.
Cycling
Function Cycling surface 0.33b 0.18–0.47 0.00f 0.00–0.17
Neighborhood permeability 0.49c 0.37–0.61 0.48c 0.35–0.60
Cycling infrastructure 0.00f 0.00–0.00 0.00f 0.00–0.00
Safety Streets (lane) 0.92e 0.89–0.94 0.91e 0.89–0.94
Fixed traffic controls 0.59c 0.49–0.69 0.74d 0.66–0.81
Traffic safety 0.77d 0.71–0.84 0.80e 0.74–0.86
Aesthetics Streetscape aesthetics 0.72d 0.65–0.80 0.69d 0.60–0.77
View aesthetics 0.15a 0.00–0.30 0.88e 0.85–0.92
Subjective cycling assessment 0.41c 0.28–0.54 0.42c 0.29–0.55
Destinations Land use mix N.A. N.A. N.A. N.A.
N.A. not assessed, ICC intraclass correlation coefficient, CI confidence interval
aWeak agreement (ICC G0.2)
bPoor perfect agreement (ICC 0.2–0.4)
cModerate agreement (ICC 0.4–0.6)
dSubstantial agreement (ICC 0.6–0.8)
eAlmost perfect agreement (ICC 90.8)
fICC truncated at zero
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physically per street segment. In Carabanchel, virtual auditing was faster (2.62 min
per street segment), and physical audits were slower (2.57 min per street segment)
compared with Carabanchel and Chamartín. Time travel from Instituto de Salud
Carlos III to the study areas was estimated as 36 min to Chamartin, 40 min to
Ciudad Lineal and 60 min to Carabanchel.
DISCUSSION
These findings showed that M-SPACES is a useful tool to measure walking and
cycling environments in the streets segments of a European city like Madrid.
SPACES original tool and its variants are based on a conceptual framework which
makes it an easy tool to compare different urban forms and has been used and
validated in several other settings.28, 43, 44 Google Street View was, for most features
of the streetscape, a valid instrument to assess physical urban environment using M-
SPACES when the physical and virtual audits were compared. Furthermore, most
TABLE 5 Inter-rater agreement between physical and virtual elements by two raters in three
study areas (n=454 street segments)
Physical Virtual
Factor Element ICC 95 % CI ICC 95 % CI
Walking
Function Walking surface 0.02a 0.00–0.12 0.00f 0.00–0.09
Neighborhood permeability 0.39b 0.31–0.47 0.41c 0.33–0.49
Walking infrastructure 0.66d 0.60–0.71 0.60d 0.52–0.65
Safety Streets (lane) 0.79d 0.76–0.83 0.33b 0.25–0.41
Fixed traffic controls 0.27b 0.18–0.36 0.21b 0.12–0.30
Path safety 0.32b 0.24–0.40 0.08a 0.00–0.17
Traffic safety 0.43c 0.36–0.51 0.41c 0.33–0.48
Aesthetics Streetscape aesthetics 0.61d 0.56–0.67 0.59c 0.52–0.65
View aesthetics 0.28b 0.19–0.36 0.18a 0.09–0.27
Subjective walking assessment 0.30b 0.22–0.39 0.29b 0.21–0.38
Destinations Land use mix 0.67d 0.61–0.72 0.57c 0.51–0.63
Cycling
Function Cycling surface 0.10a 0.01–0.19 0.00f 0.00–0.0f
Neighborhood permeability 0.39b 0.31–0.47 0.41c 0.33–0.49
Cycling infrastructure 0.75d 0.71–0.79 0.47c 0.40–0.53
Safety Streets (lane) 0.79d 0.76–0.83 0.33b 0.25–0.41
Fixed traffic controls 0.27b 0.18–0.36 0.21b 0.12–0.30
Traffic safety 0.43c 0.36–0.51 0.41c 0.33–0.48
Aesthetics Streetscape aesthetics 0.61d 0.56–0.67 0.59c 0.52–0.65
View aesthetics 0.28b 0.19–0.36 0.18a 0.09–0.27
Subjective cycling assessment 0.44c 0.36–0.51 0.33b 0.25–0.42
Destinations Land use mix 0.67d 0.61–0.72 0.57c 0.51–0.63
ICC intraclass correlation coefficient, CI confidence interval
aWeak agreement (ICC G0.2)
bPoor agreement (ICC 0.2–0.4)
cModerate agreement (ICC 0.4–0.6)
dSubstantial agreement (ICC 0.6–0.8)
eAlmost perfect agreement (ICC 90.8)
fICC truncated at zero
GULLÓN ET AL.
elements had substantial (neighborhood permeability) or almost perfect agreement
(walking infrastructure, traffic safety, streetscape aesthetics, and destinations).
Despite that, some features did not reach acceptable agreement when virtual and
physical measures were compared. For some of these elements (walking and cycling
surface and streets lane), the use of supplementary information via other secondary
spatial sources (e.g., council databases) could be used to improve reliability.
However, the differences shown for cycling infrastructure (cycle storage) may be a
temporal issue, whereby new cycling infrastructure (e.g., bicycle parking) in Madrid
were not present when the Google Street View imagery was taken. In summary, our
findings are compatible with the work of other studies,45 that have found that the
more subjective characteristics (e.g., sidewalk conditions) have lower agreement
between virtual and physical audits. However, in our findings view aesthetics and
streetscape aesthetics showed an acceptable agreement. Furthermore, little availabil-
ity for some elements (e.g., low prevalence of cycling storage) could explain low
levels of agreement with ICC due to low variability.41
It was not anticipated that the mean time auditing the street segments using
Google Street View would be slower than conducting physical audits; however, time
taken to go to the areas by public transportation also has to be taken into account.
Nevertheless, other studies conducted in Australia, New Zealand, and UK found
that virtual audits were faster than physical audits.28, 30 A possible explanation may
be that the greater complexity of the street structures in Mediterranean and
continental Europe cities may eliminate the time advantage of undertaking virtual
audits.32 Given this fact, in this study, time spent auditing street segments in the low-
density (where the streets segments are expected to be longer) area was similar when
measuring the environment physically or virtually. Despite this, virtually assessing
urban environments has other advantages as virtual audits: (1) are not affected by
daylight restriction or weather changes; (2) require limited resources (computer and
internet connection); (3) are less financially costly than physical audits;28 (4) are
useful for regional and international comparisons; (5) may be a good alternative
when measuring unsafe areas;21 and (6) it provides an alternative when visiting the
study area physically is not possible. Also, metadata provided by Google Street View
allow researchers to match environmental conditions.
Our intra-rater reliability results are comparable with previous studies.30, 31
These results, besides demonstrating the intra-reliability of M-SPACES both
physically and virtually, showed that in most cases, the urban environment in these
three areas did not change between 2013 and 2014. Lower levels of agreement were
found for cycling infrastructure and surface, as also path safety, which may be due
to low variability of these elements in the study area, as also some new elements
(e.g., cycle storage) that were not present in 2013.
Inter-rater agreement between the two observers was low. Only walking
infrastructure, streets lane (physical audit), streetscape aesthetics, and destinations
have acceptable levels of agreement. One possible explanation for the low agreement
observed might be systematic auditor training differences. Even though both
researchers received training with the SPACES manual, this manual was not
translated and adapted to the Madrid context, which may have resulted in different
understanding of the different options to choose in the audit tool. Potentially due to
these reasons, our findings are not consistent with the results of Kelly et al., which
found high levels of agreement between four auditors when measuring the
streetscape with Google Street View.22 In their work, all auditors received
systematically 4 h of training; our auditors read the SPACES manual39 and piloted
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the tool in Ciudad Lineal for 2 h. Griew et al. found that inter-rater agreement was
different between different types of neighborhood (industrial, residential, etc.).29
However, we did not find any differences between inter-rater agreements for our
three areas that could help us to understand this low agreement between observers.
Limitations and Strengths
We acknowledge that this study has several limitations. The M-SPACES tool was
designed to measure the streetscape, therefore did not assess access to parks,
pedestrian- or cycling-only paths, recreation centers, or other facilities, and it is
possible that these residential features are associated with walking behavior. Images
from Google Street View were taken between 2008 and 2014 (30.4 % before 2010);
so there may be some areas for which the images are not updated. As there has been
an acceptable agreement for both intra-rater and physical-virtual, we donot believe
that timing of the Google Street View pictures was a major problem in this study;
however, this may be an important topic to take into account when using virtual
assessments to study the relationship between urban environment and health results.
Google Street View was the web-based tool used to measure the streets, and when
used in conjunction with other measures, such as Google Earth or MS Visual
Oblique, may provide additional environmental context; however, we did not
explore these additional datasets. Ten percent of the street segments could not be
measured by Google Street View, as there were no images, almost all of them being
pedestrian streets. It is important to note that pedestrian streets are very relevant to
develop walkable neighborhoods in European cities, so it is important to create
specific tools to assess pedestrian streets, as also ways to measure it virtually (e.g.,
not 3D satellite images). Low variability affects ICC agreement values, so the
assessment of some aspects of the streets (especially cycling infrastructure and
surface characteristics) may need to be completed with other concordance
methodologies. Despite this, we regarded Google Street View as being the most
accessible and most appropriate web tool for measuring fine-grained streetscape
elements.23. Inter-rater agreement was low, and in the future, we would recommend
developing systematic training adapted to the study area. The question for
Destinations was adapted between the 2013 and 2014 auditing, and therefore was
not included the agreement of this factor in the intra-rater analysis; future work
needs to explore the reliability of this factor for the M-SPACES.
The present study also presents several strengths. As far as we know, there are no
other studies that have used such a large number of street segments set to test the
accuracy of virtual audits. Previous studies have used between 48 and 369 street
segments.18 This is also the first study to test the validity of the virtual assessment of
an audit tool that measures streets characteristics that may influence both walking
and cycling in Europe, and compared areas based on residential density, a factor
potentially related to physical activity. Moreover, to our knowledge, this is the first
study to study the agreement between virtual and on-field tools in a Mediterranean
context, where urban form patterns differ greatly from the more sprawled North-
American or Australasian cities.
CONCLUSIONS
The M-SPACES audit tool is able to discriminate between different population-density
areas. Google Street View provided a valid way of measuring most aspects of the
residential environment in a European city like Madrid, especially neighborhood
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permeability walking infrastructure, traffic safety, streetscape aesthetics, and destinations.
However, for some features (e.g., street lane), the audits may need to be completed with
other secondary spatial databases. Characteristics of the streets that may inhibit or
promote cycling had lower correlation between on-field and virtual audits. Inter-rater
agreement was, in general, weak; therefore, intensive observer training and the use of
complementary objective techniques may be required. Intra-auditor agreement was
substantially better when measuring urban environments virtually.
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Abstract
Background: Our aim is to conduct an exploratory study to provide an in-depth characterization of a
neighborhood’s social and physical environment in relation to cardiovascular health. A mixed-methods approach
was used to better understand the food, alcohol, tobacco and physical activity domains of the urban environment.
Methods: We conducted this study in an area of 16,000 residents in Madrid (Spain). We obtained cardiovascular
health and risk factors data from all residents aged 45 and above using Electronic Health Records from the Madrid
Primary Health Care System. We used several quantitative audit tools to assess: the type and location of food
outlets and healthy food availability; tobacco and alcohol points of sale; walkability of all streets and use of parks
and public spaces. We also conducted 11 qualitative interviews with key informants to help understanding the
relationships between urban environment and cardiovascular behaviors. We integrated quantitative and qualitative
data following a mixed-methods merging approach.
Results: Electronic Health Records of the entire population of the area showed similar prevalence of risk factors
compared to the rest of Madrid/Spain (prevalence of diabetes: 12 %, hypertension: 34 %, dyslipidemia: 32 %,
smoking: 10 %, obesity: 20 %). The food environment was very dense, with many small stores (n = 44) and a large
food market with 112 stalls. Residents highlighted the importance of these small stores for buying healthy foods.
Alcohol and tobacco environments were also very dense (n = 91 and 64, respectively), dominated by bars and
restaurants (n = 53) that also acted as food services. Neighbors emphasized the importance of drinking as a
socialization mechanism. Public open spaces were mostly used by seniors that remarked the importance of
accessibility to these spaces and the availability of destinations to walk to.
Conclusion: This experience allowed testing and refining measurement tools, drawn from epidemiology,
geography, sociology and anthropology, to better understand the urban environment in relation to cardiovascular
health.
Keywords: Cardiovascular disease, Residential environment, Neighborhoods, Mixed methods, Spain
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Background
Cardiovascular diseases (CVD) remain the leading
cause of death worldwide [1]. Their burden is pro-
jected to escalate in the following decades due to
increased prevalence [2]. The large costs associated
with CVD fall both on the social and economic side
and the lack of effective preventive measures will
make these costs difficult to deal with for governments
worldwide [3, 4]. Individual risk factors directly asso-
ciated with CVD include behavioral traits as smoking,
unhealthy diets, lack of physical activity and excessive
consumption of alcohol [5]. These behavioral risk fac-
tors and their associated increases in biological risk
factors as hypertension, dyslipidemia and diabetes rep-
resent a large proportion of the excess CVD risk in
populations. In particular, it has been estimated that
there’s an opportunity to prevent even more CVD
deaths in Spain if we can curb the increase in some
risk factors such as diabetes [6].
Prevention efforts are much needed to continue
decreasing the incidence of CVD. The population
preventive approach [7] has previously shown large
reductions in CVD, either through well-designed whole
population campaigns [8] or through large political or
economic changes [9]. This approach has a large poten-
tial preventive effect since it tackles the root causes,
which are mostly social, political and economic [10], of
the distribution of chronic diseases in a given popula-
tion. One of the social units that may better exemplify
whole population preventive strategies are urban neigh-
borhoods [10]. Public health research at the neighbor-
hood level tries to characterize which features of the
local residential environment are key in the distribution
of disease risk among populations. Methodological ad-
vances in the last decades, such as multilevel modeling
[11], have allowed for simultaneous analysis of individual
and contextual effects, removing much of the limitations
of individual or ecological based analysis.
At the same time the growing use of electronic health
records (EHRs) offers a tremendous opportunity to pub-
lic health researchers to measure residents health out-
comes [12] by neighborhood. Results from these EHRs
studies will expand the evidence to improve cardiovascu-
lar health at a population level.
In terms of being able to fully characterize the urban
environment [13], borrowing methodologies and tech-
niques from social sciences such as geography are key.
Current attained level of development of Geographic In-
formation Systems (GIS) has made possible relevant ad-
vances in this area.
However, previous research has shown that objective
neighborhood resources are not always consistent with
residents’ perceptions. Qualitative methods, such as semi-
structured interviews, enable the examination of this
complex association between neighborhoods and the im-
pact on residents’ health outcomes. This combined use of
different perspectives and methodologies has been
recently defined as mixed-methods research [14], focusing
on research questions that call for real-life contextual un-
derstandings, multi-level perspectives, and cultural influ-
ences [14, 15].
This is an exploratory study framed within a larger
study, the Heart Healthy Hoods [10, 16], aiming at char-
acterizing the entire city of Madrid (Spain) and the car-
diovascular health of its residents. A photographic
depiction of the study area of the present manuscript
can be found elsewhere [16] (the middle income area).
Results from this experience can help other researchers
design urban health studies that completely characterize
a residential environment and the health of its residents.
We aim to fully characterize an urban area using several
measurement tools and approaches, basing our strategy
on a theory-driven approach shown in Fig. 1. As pro-
posed by Sacristan [17], we started with a theory-driven
framework where we will explore its feasibility and add
new hypotheses as a result of this exploratory study.
In the spirit and recommendations of Thabane et al.
[18], we do not present any hypothesis testing results,
but rather leave open several questions for future
research in the main study. This is also in concordance
with the approach proposed by Shankdardass and Dunn
[19], who advocate for more “intensive” neighborhoods
research, as opposed to “extensive” research. In sum-
mary, extensive research seeks to draw inferences about
the quantification of neighborhood effects in the “general”
population of neighborhoods. Intensive research instead
seeks to uncover how neighborhood effects work and what
are the best points of action to affect them.
The objective of this study is therefore to: (a) describe
the cardiovascular health profile of a population over
15,000 residents living in this area analyzing the Madrid
Primary Health Care System electronic health records;
and (b) explore different quantitative and qualitative
measurements to characterize the social and physical
urban environment in relation to food, alcohol, tobacco
and physical activity.
Methods
Study design and setting
This is an exploratory study conducted in 12 contigu-
ous census sections of Madrid (Fig. 2) between March
2013 and June 2014 describing the Cardiovascular
Health profile and Risk Factors of its residents and the
social and physical urban environment in which they
live. In order to conduct our study in an area that was
not extreme in sociodemographic or urban form terms,
we selected these 12 census sections using the Median
Neighborhood Index. This method selects clusters of
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census sections that are on average closest to the me-
dian neighborhood in four variables: % above 65 years
of age or older, % with low education, % foreign-born
and population density. More details on this method
can be found in the Additional file 1: S1.
Quantitative measurements of cardiovascular health and
risk factors
Spain’s National Health System (SNS) is publicly funded,
providing universal health care coverage free of charge at
the point of use. The National Health System structure is
Fig. 1 Conceptual framework of this study. The environmental outcomes assessed are shown in italics, whereas the type of measurement are
shown in blue. The cross-cutting approach of the qualitative methodology is highlighted throughout the grey box
Fig. 2 Heart Healthy Hoods exploratory study setting (12 census sections in Ciudad Lineal, Madrid, Spain)
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region-based, and organized into health areas and basic
health zones. Electronic health records share the same sys-
tem and software at the region-level. These records in-
clude diagnoses for conditions such as diabetes or
hypertension that have been previously validated [20, 21]
and other diagnoses such as dyslipidemia, obesity or
smoking.
The study population was restricted to those individ-
uals aged 45 and above, holding a health care identifica-
tion card and living within the 12 census sections.
Cardholders needed to have visited their primary care
health center in the last year at least once prior to the
data mining. We collected anonymized data from elec-
tronic health records on cardiovascular health and risk
factors (tobacco use, obesity, hypertension, diabetes
mellitus, dyslipidemia) and sociodemographic variables
(age, sex). In all cases of diabetes, hypertension and dys-
lipidemia, the diagnoses were physician-based. Obesity
was assessed by computing BMI (kg/m2) from the last
available measure of height and weight and was defined
as a BMI > =30 kg/m2. Smoking was assessed by asking
individuals about current cigarette smoking. According
to the internal primary care guidelines, all individuals
aged 14 or above should have at least two of the risk
factors mentioned above (plus sedentarism and alcohol
consumption) measured in the previous 5 years. More-
over, all individuals without prevalent cardiovascular
disease or diabetes and aged between 40 and 65 (which
includes our study population) should get their cardio-
vascular risk assessed every 2 to 5 years (for medium/
high and low risk individuals, respectively). This cardio-
vascular risk assessment includes the measurement of
blood pressure and lipids and assessing tobacco use (as
described above). Anonymization was conducted by
removing all personally identifiable information (address,
name, identifiers) and aggregating the results to the
census section level.
Quantitative measurements of the urban environment
We selected audit tools from other countries (mostly the
US and Australia) given the scarcity of studies measur-
ing specific characteristics of urban environments in
Spain. All audit tools selected below were selected based
on their simplicity and similarity to Spanish urban envi-
ronments. When possible, we elected to do the fewest
amount of adaptations possible to improve comparability
with other international studies.
Food environment
We identified all food stores in the area by direct obser-
vation. We classified and conducted a direct auditing of
all food stores present. Classification was done ad hoc
following Table 1. This classification, which relates to
the size, and range of food options available at the food
stores, follows the categorization used by the Nutrition
Environment Measurement in Stores (NEMS-S) [22]. A
trained data collector conducted direct auditing of all
food stores following a brief version of the NEMS-S tool
(For the brief instrument and the adaptations see
Additional file 1: S2). We then computed a Healthy Food
Availability Index for each store following the scoring
system in the Additional file 1: S2. This HFAI score
ranges from 0–28, with a higher score indicating a
greater availability of healthy foods. We also assessed
public markets in the area and classified each stall as
either a specific specialty store (e.g.: fruit/vegetable) or a
small grocery store (selling a variety of items). Public
markets in Spain are a collection of tens of stalls (in our
case, more than 100) mostly dedicated to retailing a sin-
gle category of foods (e.g.: fruits/vegetables, fish, meat,
bakery products, etc.). For this reason and considering
that the NEMS-S was designed around measuring
scattered discrete stores, we decided not to compute a
Healthy Food Availability Index for the public market
and just describe the number and type of stalls.
Food services (restaurants, bars, fast food options, etc.)
were classified into fast food restaurants and sitting
down restaurants using the same classification as the
Nutrition Environment Measurement in Restaurants
(NEMS-R) inventory [23].
Alcohol and tobacco environment
We identified all tobacco and alcohol outlets in the area
by direct observation (analogous to the observation of
food stores). We characterized the tobacco and alcohol
environment by classifying all retail outlets that sold ei-
ther tobacco or alcohol into the following categories: to-
bacco stores and vending machines; bars or restaurants
(selling alcohol for consumption on-site), food stores
selling alcohol (a majority of the food stores present in
the area) and liquor stores. Spanish law heavily regulates
retail sales of tobacco, that can only be conducted
Table 1 Classification and description of food store types
Type of Store
Public Market Municipally owned building where vendors sell
fresh food from open stalls.
Supermarket Large corporate owned “chain” food stores with
several employees and cash registers.
Small Grocery Non-corporate-owned small food stores, with no
more than 1 cash register.
Specialty Store Small food store that sells only one group of foods
(eg: fruits/vegetables, butchers, fishmongers)
Corner Store Small store with long shopping hours and
(generally) owned by ethnic minorities.
Convenience
Store/Gas Station
Food stores with a limited selection of foods, with
long shopping hours (>18 h/day), attached or
not to a gas station.
Bilal et al. BMC Medical Research Methodology  (2016) 16:104 Page 4 of 12
through tobacco stores (called “Estancos”) or vending
machines, which have to be located in establishments
previously authorized from the Commissioner for the
Tobacco Market (such as newspaper stands located on
public roads, certain convenience stores or bars and
restaurants). The number of vending machines per area
is also regulated and is linked to the number of tobacco
stores in the area.
Physical activity environment
We measured two aspects of the physical activity envir-
onment, the characteristics of streets and the use of
open spaces. To characterize streets, we used the
Systematic Pedestrian and Cycling Environment Scan
(SPACES) [24], an observational audit of urban
infrastructure that can influence walking and cycling
[25] and that has been validated in Madrid [26]. We
collected information on every street segment of the
study area (n = 152) for the four SPACES factors:
function, safety, aesthetics and destinations. We have
previously published more details on this procedure and
its measurement properties (reliability and validity) in
Madrid [26]. In order to measure the use of parks and
open spaces within and next to the study area, two field
researchers completed the System for Observing Play
and Recreation in Communities (SOPARC) instrument
[27] in all parks and open spaces of the area (identified
through direct observation, n = 10). The two researchers
stood on a pre-specified location of the park and ob-
served park usage for 1 h. Every individual using the
park was observed and classified regarding basic socio-
demographic characteristics (age, gender, ethnicity) and
type of park use regarding levels of activity (sedentary,
walking or vigorous).
GIS-based data integration
Aiming at the implementation of a comprehensive geo-
referenced database of the pilot study area, we collected
information from the following sources:
– Spanish National Spatial Data Infrastructure (IDEE),
National Mapping Agency (IGN): line and polygon
vector layers such as street sections, administrative
boundaries and blocks.
– Madrid Regional Spatial Data Infrastructure: point
vector layers on retail stores, restaurants and gas
stations.
These layers were loaded into ArcGIS 10.01 and pro-
jected to a common system (ED50 UTM 30). Fieldwork
results on both street-based and Google Street Map-
based audits were then joined to the street sections layer
by means of relational union. All other layers (different
types of administrative boundaries and blocks) were in-
troduced to the final maps as reference information.
Qualitative interviews on the urban environment
In order to provide insights and to improve the under-
standing of our quantitative findings, we performed a
second assessment of the area through qualitative
methods. We conducted a series of semi-structured in-
terviews with key informants (according to the sociode-
mographic structure of the area, including age and
ethnicity, and the domains we wanted to gather informa-
tion about) that had lived in the area for a long time,
choosing information-rich cases selected using stratified
purposeful sampling [28]. We included the following 11
key informants: a health care provider (female), the dir-
ector of the health promotion center of the area, a local
food store owner, four local residents (two females and
two males, 45–65 years and > 65 years respectively), two
immigrants (female and male), one primary school
teacher and one community activist. These interviews
included general questions about health and the envir-
onment and more focused questions about the neighbor-
hood sociodemographics, neighborhoods boundaries,
their individual perception on environmental character-
istics and social norms regarding food, physical activity,
alcohol and tobacco. Analysis of the interviews was
carried out by three researchers following the validity
criterion of investigator triangulation [29] and according
to the steps of analysis in progress [30], incorporating an
interpretative phenomenological analysis [31] perspective.
Mixed method approach
In this exploratory study we decided to combine the dif-
ferent quantitative and qualitative data, following a mer-
ging data approach [14, 32] presented in the result and
discussion sections. Our objective with this merging
phase was two-fold: (a) to provide insights on the phe-
nomena behind our quantitative findings; and (b) to use
qualitative research as a formative research phase that
would guide our future data collection.
Results
Cardiovascular health profile and risk factors results
Fourteen and eight hundred fifty-seven thousandths resi-
dents of the study area are holders of a Health ID card
and are assigned to one of the three Primary Care
Centers present in the area. This represents 96.3 % of
the 15422 residents living in the study area according to
the municipal registry. The average age of this popula-
tion was 45 years and 55.1 % were female. Table 2 shows
the total prevalence of cardiovascular risk factors by
gender in the population of the study area aged 45 and
older. About 12 % of the population above 45 had diag-
nosis diabetes, 32 % had a diagnosis of dyslipidemia,
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34 % had a diagnosis of hypertension, 10 % reported
current smoking and 20 % were obese.
Food environment
Forty-four food stores were located in the study area
(Fig. 3). Supermarkets scored highest in terms of Healthy
Food Availability (25.5 out of 28) and convenience stores
the lowest (7.5 out of 28). Two food markets (the “Las
Ventas” and “Bami” markets) were present in the area.
The “Las Ventas” public market is a 3-storied indoors
market with 112 stalls (most of them selling fruits/vege-
tables, meat/dairy or fish). There were 61 food service
business present (Fig. 4) and most of them (n = 53) were
regular sitting down restaurants.
Qualitative results showed several important concepts:
the concept of affordability, where high quality and
healthier food options are perceived as more expensive;
and the concept of “distance to stores”, which is also
believed to be an important determinant for accessibility,
especially for the elderly.
“I have my children and many years, so I know what
is good and what is bad…what one can afford is
different” (woman, >65 years)
Interviews also highlighted the importance of the con-
cept of “lifetime store”, owned by local people that have
a long history of dealing with neighbor’s needs and trust.
Alcohol environment
The alcohol environment in the area is very intertwined
with the food environment. All but one of the 91 alcohol
outlets in the study area (Fig. 4) was also either a food
store (only 1 of the 32 off-sale alcohol outlets was a li-
quor store) or as a bar/restaurant (all 59 alcohol on-sale
outlets). Qualitative interviews showed that alcohol con-
sumption is believed to be mostly influenced by individ-
ual choices rather than the social environment. Besides,
there is a perception that excessive alcohol consumption
has low prevalence. The alcohol environment is also
linked to socialization, with positive connotations, but
perceived to be affected by the economic crisis:
“I get along well (with neighbors); I drink beer with
whomever I want to” (man, <65 years).
“Social drinking customs are disappearing, we used to
go on Sundays to have a vermouth with your neighbors
and your friends. Nowadays, people are doing it less,
because of the economic crisis” (Food store owner).
Table 2 Population cardiovascular health profile and risk factors
of the residents aged 45 and older in the study area
Prevalence (%) Men Women Total
Diabetes 14.0 10.0 11.6
Dyslipidemia 27.4 34.8 31.8
Hypertension 30.2 36.2 33.7
Smoking 12.6 7.9 9.8
Obesity 17.3 21.5 19.8
Diabetes, dyslipidemia and hypertension are physician diagnosed. Smoking is
defined as current vs. not smoking. Obesity was defined as a BMI > = 30 kg/m2,
computed from the last available measure of height and weight
Fig. 3 Food environment results in the study area (12 census sections), including type of food stores (left) and their healthy food availability index
scores in quintiles (right)
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Tobacco environment
There were 64 tobacco outlets in the area. Of these, 6 were
exclusive tobacco outlets and 58 were automatic vending
machines located in bars or restaurants (and therefore shar-
ing space with food and alcohol retailing) (Fig. 4). As seen
below (Fig. 4), tobacco outlets or vending machines are ubi-
quitous within the area. Interviews revealed contradictions
regarding trends in smoking prevalence: smokers perceive
that the local availability of tobacco remains stable while
non-smokers perceive the opposite.
Physical activity environment
The walking environment showed heterogeneity around
the study area (Fig. 5). The two main avenues of the
study area (Calle Alcala and Avenida Daroca) had the
highest scores for walkability, especially due to the size
of their sidewalks and the presence of a large amount
of destinations. Qualitative research highlighted archi-
tectural barriers influencing mobility patterns of elder
residents:
“When we are older, because I’m on a wheelchair in
the street … If I had benches there, I would not need
the wheelchair, because walking 20 m is fine, but
maybe 25 m isn´t.” (Woman, > 65 years)
Regarding open spaces and parks, the results from the
SOPARC instrument show that the majority of users of
all parks were male (66 % of all park users, a majority in
all 10 parks but one) and adult or seniors (64 and 17 %
of all park users, respectively). The level of activity
varied each open space: in 4 of them the main level of
Fig. 4 Alcohol (left), Food Services (middle) and Tobacco (right) environments in the study area
Fig. 5 Walkability index in the study area, on-field visits (left) and Google Street View (right)
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activity was sedentary, in 2 the main use was for walking
and in 4 was there was a majority of people doing
vigorous physical activity. Contrary to our observations,
interviews with residents highlighted the more intense
use of parks by young immigrants or minorities. More-
over, neighbors also expressed reluctance to use these
open spaces where the proportion of immigrant people
was high:
“There have been parks that have been taken over by
gangs of immigrant kids; at certain times one is afraid of
passing through; even as an adult” (Man < 65 years).
Emerging results from qualitative in-depth interviews
The analysis of these 11 interviews showed four import-
ant emergent categories: 1) the individualized definition
of neighborhood boundaries, 2) the effect of the current
economic crisis on neighbors’ behavior, 3) the role of
immigration, and 4) the importance of social relation-
ships in neighborhood use (See Table 3). The economic
crisis is a cross-sectional element in the discourse of the
interviewees.
Discussion
This study allowed us to test the feasibility of doing an
in-depth study of a neighborhood and its environmental
and social determinants of cardiovascular health.
Through a series of quantitative and qualitative tech-
niques we were able to measure different aspects per-
taining to cardiovascular health that were included in
our framework: the food, physical activity, tobacco and
alcohol environments, and habits and social norms re-
lated with them. By using the electronic health records
of the Universal Primary Health Care system we were
able to obtain a picture of the cardiovascular health of
the residents in the area. We drew methods from
epidemiology, geography, sociology and anthropology, and
combined them to make the best possible characterization
of a neighborhood cardiovascular environment.
Cardiovascular health in the area was similar to the
Madrid total population in terms of prevalence of car-
diovascular risk factors such as hypertension, diabetes
and dyslipidemia. The validity of electronic health re-
cords as methods to estimate prevalence has been shown
for hypertension and diabetes in Madrid [20]. Smoking
prevalence was lower in electronic health records com-
pared to population surveys, potentially reflecting under-
reporting of smoking prevalence in primary care. Future
work should emphasize the need for a more systematic
validation of electronic health records data (see Table 4).
One of the main advantages of using electronic health
records of a universal primary care health system is the
feasibility to scale up the measurement, that, in the case
of Spain, can be done up to the regional level (Madrid
Region, more than 6,000,000 people). These measure-
ments are available down to a small scale (census sec-
tions, around 1000 people) and allow for small area
comparisons similar to what has been done in studies in
the US [33] or the UK [34] or even Spain for mortality
[35]. Spain has almost universal coverage of public in-
surance (>99 %) and we were able to ascertain that we
had data on more than 96 % of the people living in the
area (according to the municipal registry). The use of
these systems for continuous chronic disease surveil-
lance (see Table 4) will increase opportunities for
prevention, as seen in cases like New York [36].
On the side of the exposure, in this case urban envi-
ronments, we found a very rich food environment. An
important challenge we found in this exploratory study
was the measurement of public markets. The area had
two of these, one of them with long opening hours and
more than 100 stalls. Standard tools for healthy food
availability measures (like our abbreviated NEMS-S tool)
can fail to capture the effect of these type of retailers
(see Table 4). A second challenge is the lack of an appro-
priate food affordability measure. Interviews with
neighbors showed that prices determine what people can
afford and therefore the food and that they can buy (see
Table 4). Moreover, they also expressed concern for the
lack (or availability) of ethnic foods. Affordability and
cultural acceptability are two of the four key aspects of
the local food environment (with the other two being
accessibility and availability, measured with our
current tools) [37, 38]. Therefore we need to adapt
tools such as Market Basket Surveys to the Spanish
context (see Table 4) [39].
The alcohol and tobacco environment was mostly
dominated by bars and restaurants. There were only 5
exclusive tobacco stores (heavily regulated in availability
and prices by the government) and only one exclusive
Table 3 Emerging categories in in-depth interviews
Neighborhood boundaries are subjective.
“We take a compass and put the center of the compass (from his home) to
Quintana and the circle is round. That would be my neighborhood “(Food
store owner)
Economic crisis influences neighbors behavior.
“… Nowadays there are a lot of grandparents taking care of the family….
Many unemployed descendants. So there is little time for healthy habits like
exercise… ” (health care provider, woman)
Immigration is seen as very influential element in neighborhood life.
“… In the past other people would go there [park], but now the
Romanians are there…” (men, < 65 years)
Social relationships affect the use of the neighborhood.
“I’m happy with people in my neighborhood. Since my husband died, …
adults and kids alike, boys like my sons, 50 years-old, [have told me] “hey, I
work on this, if I can help you… I will help you with stuff if you ask me””
(woman, > 65 years)
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liquor store. Every other retail business for tobacco was
either a bar or a restaurant, coinciding with on-sale alco-
hol outlets (where alcohol is consumed on site) that also
provide food services. This combination, in a single
business, of on-sale alcohol outlets, tobacco automatic
selling machines and food services are a staple business
in Spanish neighborhoods and are therefore one of the
most relevant components of the food, alcohol and
tobacco environment in Spain. Most research conducted
outside of Spain focus on specific off-sale outlets that
are specialized in alcohol retailing. Our tools did not
capture off-sale alcohol availability in food stores (super-
markets, corner stores, grocery stores) but these are the
most commonly used points of sale for alcohol in Spain.
Future re-designing of these tools must incorporate this
intertwined nature of the food and alcohol environment.
Interviews with neighbors showed the cultural import-
ance of alcohol consumption in these bars as a social
cohesion mechanism. In other contexts alcohol outlet
density has been related to alcohol consumption and
crime before [40], but we are not aware of similar
research conducted in Spain. We are currently exploring
other alcohol environment measures that may vary more
by context, like marketing and advertisement outside of
bars and restaurants. Tobacco outlet density has been
linked to tobacco consumption or reduced chances of
tobacco quitting [41], but the availability of exclusive
tobacco stores is heavily regulated by the government in
Spain. Tobacco sales in bars/restaurants in Spain happens
under automatic vendor machines. There is exiting data
on the location (and sales) of these machines, gathered by
the regulatory commission of tobacco in Spain. After
several requests (for research purposes), we have not been
able to obtain such data for unclear “economic” reasons.
In the physical activity environment most open spaces
were used by adults, especially seniors without a clear
intent to engage into physically active. This may be due
to the design of these open spaces as more than two
thirds of the open spaces did not have a design conduct-
ive for anything but walking or passive use. Interviews
with neighbors showed an interesting duality regarding
preferred places to walk: while parks were well
perceived, their use is conditioned on the presence of
certain behaviors (such as alcohol consumption or
immigrant presence), and some people preferred walking
in streets with a high density of retail business, rather
than walking on parks or other open spaces. While some
of our tools were able to capture these characteristics,
they were resource-intensive and required prolonged
times of observation. We validated the SPACES audit
tool for walkability measurements using Google
Streetview [26] (see Table 4), but found that virtual
measurement time was analogous to on-field measure-
ment time (with only the advantage of not having to
travel to the study area). We are now exploring and val-
idating measurements of walkability that do not require
extensive audits and leverage the power of GIS [42].
The integration of all collected data using Geographic In-
formation Systems is an opportunity to accommodate the
different domains that make up a given urban environment.
Table 4 Conclusions of the Heart Healthy Hoods exploratory study: challenges and opportunities for measuring urban environments
and cardiovascular health
Quantitative measurements Qualitative measurements Geographic Information Systems
Electronic Health
Records
Validation of EHR diagnosis
(beyond diabetes and hypertension).
Not available. Can be performed in a
selected subset.
GIS allows for data integration of location and
attributes of features of each domain,
administrative boundaries, public transportation
network, parks and street segments.
With this data integration, geospatial analysis of
various kinds can be performed.
Future data should include accessibility, other
distance-based indicators, the use of more
detailed geostatistics (dispersion, centrality, etc.)
and other tools (such as map algebra).
Availability of sufficient quality data.
Design and validation of a cartographic model,
based on a combination of the above analyses,
to produce meaningful composite indices.
Use of EHR for continuous
surveillance of chronic diseases.
Food
environment
More emphasis should be placed
on the measurement of affordability.
A more in-depth approach to dietary
patterns is needed.
A further culturally adapted NEMS-S
survey is needed.
Better insights to the effects of family
composition on dietary patterns.




Use of implementation science tools
to measure compliance.
Further exploration of spaces of




Validation of virtual audit methods
(Google Street View)
More in-depth insights on barriers to




Measurement of exposure to
second-hand tobacco.
Perceptions regarding smoking need
to be stratified by smoking status.
Use of implementation science tools
to measure compliance with tobacco
regulations
More research is needed on social
norms that influence smoking and the
implementation of smoking regulations
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GIS also allows for geospatial analysis and the construction
of more detailed indicators. Two main challenges resulted
from this exploratory study: (a) the development of mean-
ingful composite indices that combine the study domains;
and (b) the integration of the temporal dimension, includ-
ing business hours (for accessibility) [43] and activity time-
spaces of the residents [44] (see Table 4).
The qualitative part of our mixed methods approach let
us to get a clear picture of the area from the “experts”, that
is, the neighbors that live in them. These methods allow
vulnerable populations (that may not be covered in quan-
titative studies) to get a voice in research [45]. Semi-
structured interviews allowed us to get access to individ-
ual perceptions, but proved to be less useful in topics like
alcohol and tobacco (see Table 4). Given the intense social
component of alcohol and cigarette smoking we believe
that methods like focus groups [46] or concept mapping
[47] may be more useful. Moreover, we were also able to
uncover the different levels at which neighbors perceive
that the environment affects them. While, as mentioned
above, neighbors perceived that smoking was less affected
by neighborhood characteristics, neighbors remarked the
importance of national level (macro) policies in reducing
smoking prevalence. Moreover, while neighbors did not
perceive that the local environment influenced alcohol
consumption, they did emphasize the importance of social
interactions (micro) and drinking. Food and, more import-
antly, physical activity, were domains in which neighbors
did perceive strong influences of their local environments.
Being cognizant of the levels at which each health
outcome is determined is an important task in neighbor-
hoods effects (and other social epidemiologic) research.
The combination (in our case, concurrent integration)
of qualitative and quantitative data through a mixed
methods approach is an adequate approximation to
complex social phenomena [14]. This concurrent
integration approach to merging quantitative and quali-
tative data increases understanding or develops a com-
plementary picture; nonetheless, we also believe that a
sequential timing approach (e.g.: an initial phase of for-
mative qualitative research followed by the design of
quantitative tools) would have helped us in avoiding
some of the pitfalls described in this manuscript. We
acknowledge that mixed method approaches have their
own difficulties, like the scarcity of a training infrastruc-
ture, the necessity to work under two epistemological
traditions or the complexity of data integration [48, 49].
Nonetheless we believe they remain a useful approach to
study neighborhoods where “the whole is greater than
the sum of the parts” [50].
Conclusions
This experience allowed testing and refining measuring
tools to understand neighborhood characteristics in relation
to cardiovascular health (See Table 4 for a complete list of
future challenges and opportunities). Several quantitative
epidemiological and geographical methodologies showed to
be complementary and relevant when describing the spe-
cific features of the urban environment. The inclusion of
qualitative methodologies provided important insights
adding emergent categories to the characterization of
neighborhoods such as: subjective neighborhood boundar-
ies, the effect of the economic crisis on businesses and on
neighbor’s consumption patterns, the importance of social
networks and the relevance of immigration in neighbor-
hoods life. The combination of urban environment mea-
surements, quantitative and qualitative, and universal
electronic health records from the primary care health
system, will provide useful data to examine the relationship
of neighborhood characteristics and cardiovascular health
shedding important light to develop sound population
preventive approaches.
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Abstract 
Background: Previous studies found a complex relationship between area-level socioeconomic status (SES) and 
walkability. These studies did not include neighborhood dynamics. Our aim was to study the association between 
area-level SES and walkability in the city of Madrid (Spain) evaluating the potential effect modification of neighbor-
hood dynamics.
Methods: All census sections of the city of Madrid (n = 2415) were included. Area-level SES was measured using a 
composite index of 7 indicators in 4 domains (education, wealth, occupation and living conditions). Two neighbor-
hood dynamics factors were computed: gentrification, proxied by change in education levels in the previous 10 years, 
and neighborhood age, proxied by median year of construction of housing units in the area. Walkability was meas-
ured using a composite index of 4 indicators (Residential Density, Population Density, Retail Destinations and Street 
Connectivity). We modeled the association using linear mixed models with random intercepts.
Results: Area-level SES and walkability were inversely and significantly associated. Areas with lower SES showed the 
highest walkability. This pattern did not hold for areas with an increase in education level, where the association was 
flat (no decrease in walkability with higher SES). Moreover, the association was attenuated in newly built areas: the 
association was stronger in areas built before 1975, weaker in areas built between 1975 and 1990 and flat in areas 
built from 1990 on.
Conclusion: Areas with higher neighborhood socioeconomic status had lower walkability in Madrid. This disadvan-
tage in walkability was not present in recently built or gentrified areas.
Keywords: Physical activity, Neighborhood/pace, Urbanisation, GIS
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and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
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Background
A quarter of the population in Europe is estimated to be 
physically inactive [1]. Reducing physical inactivity is one 
of the key targets to control non-communicable diseases 
[2] as it is estimated to be responsible for 6–10% of the 
burden of major non-communicable diseases worldwide 
[3]. Cities, due to the possibility of population approaches 
[4, 5], represent an opportunity for public health inter-
ventions on physical inactivity [6, 7].
Walkable neighborhoods (dense, compact, with avail-
ability of walking destinations) are associated with 
improved walking behaviors [8–10]. In addition, physi-
cal inactivity follows a social gradient, with more dis-
advantaged populations having a higher prevalence 
of physical inactivity [11–13]. Thus, the interaction 
between urban form (defined as physical form of the 
city [14]) and social disadvantage could provide insights 
on how socio-spatial inequalities in physical activity are 
shaped [15]. Previous evidence suggests that the rela-
tionship between Neighborhood Socioeconomic Status 
(SES) and neighborhood walkability may be complex 
[16]. In particular, previous research has found that 
lower SES neighborhoods are more walkable (measured 
Open Access
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using objective measures) [16–19], while on the other 
hand residents of more deprived neighborhoods report 
worst aesthetics and safety of their neighborhoods 
[20, 21], which may also be important contributors to 
walking behaviors. However, most of the studies look-
ing at the relationship between social and urban form 
have been conducted mainly in the US and Australia, 
where the shape of urban environments [22] and socio-
economic segregation processes [23] differs widely from 
European cities.
Moreover, neighborhoods and cities are not static 
entities, they are dynamic in its form and composition 
[24]. Urban form changes at a slower pace than social 
composition, as citizens might move following a social 
gradient in response to changes in the housing prices 
market [25]. At the same time, urban form tends to 
change at a slow pace, given its constrains in some parts 
of the city (e.g. inner old city). In order to understand 
the socio-spatial inequalities in walkability there is a 
need to incorporate variables that can help to under-
stand the dynamics and the history of the city. In our 
study, we try to encompass this challenge by incorpo-
rating variables of change in social composition and the 
age of the neighborhood.
The Heart Healthy Hoods project (HHH) aims to study 
how urban environment relates to cardiovascular health 
of Madrid’s residents [6, 26, 27]. Within this project, 
some measures of physical activity environment have 
been tested [28]. Taking all the above into consideration, 
our aim was to evaluate the association between small 
area-level socioeconomic status and walkability in the 
city of Madrid (Spain) and to evaluate the potential effect 
modification by indicators of neighborhood dynamics 
(gentrification and neighborhood age).
Methods
Study setting
We conducted our study in the City of Madrid, Spain. In 
2014, Madrid was divided into 21 districts that housed 
128 neighborhoods, that were further divided into 2415 
census sections [29]. The Census Section was the unit for 
all the analysis as this is the smallest area for which cen-
sus and other relevant data were available. Census Sec-
tions had resident populations of between 1000 and 1500 
people. Madrid’s socio-spatial configuration is one of the 
most segregated in Europe [30]. As most of European cit-
ies, it has a historic city center, and neighborhoods sepa-
rated from it by an orbital motorway [31]. Since the 60s, it 
has experienced a huge economic and population growth 
due to the industrialization of some parts of the region 
and the migration from rural areas. Higher social class 
tend to accumulate in the northern part of the city [30].
Area socioeconomic status
The main exposure of this study was a composite SES 
index made of 7 indicators. These were: (1) Low educa-
tion (defined as % people above 25 years of age with pri-
mary studies or below), (2) High education (defined as % 
people above 25  years of age with university education 
or above), (3) Part-time employment (% workers in part-
time jobs), (4) Temporary employment (% workers in 
temporary jobs), (5) Manual occupational class (% work-
ers in manual or unqualified jobs), (6) Average housing 
prices (per sq. m), and (7) Unemployment rate. These 
indicators were selected based in the 4 domains present 
in the Spanish Commission to Reduce Health Inequali-
ties [32] (education, wealth, occupation and living condi-
tions). Using this framework, the SOPHIE project have 
investigated the effect of structural policies on health 
inequalities [33]. Indicator data were obtained from the 
Padrón (a continuous and universal census collected for 
administrative purposes), the social security and employ-
ment services registries and the IDEALISTA report (a 
report from a large real estate corporation in Spain). All 
data were available for the year 2014. Table 1 (and Addi-
tional file 1) contains more details on the operationaliza-
tion of indicators.
To create the SES index, we constructed a weighted 
index from the variables described above. For this we 
centered (to the mean) and scaled (by the standard devia-
tion) all selected variables. We then weighted the four 
domains equally (0.25 per domain) and weighted all vari-
ables within each domain equally (e.g.: overall, each edu-
cation variable has a weight of 0.25 × 0.5 = 0.125). We 
then averaged all standardized variables to obtain the SES 
Index. We compared this index to a score obtained using 
the principal component of a Principal Component Anal-
ysis and found a Pearson correlation of 0.997 between 
them.
Neighborhood dynamics
For neighborhood dynamics, we selected 2 indicators: 
gentrification and neighborhood age. An indicator for 
gentrification was obtained by ranking all census sections 
in 2005 and in 2014 in terms of % residents with high 
education (university education or above) and computing 
the change in rank from 2005 to 2014, where we defined a 
gentrified neighborhood as those in the top 95% percen-
tile of rank change. Neighborhood age was proxied by the 
median year of construction of all housing units in the 
census section, obtained from the Cadastre (Catastro, a 
universal tax registry of all housing units). We created 
three categories: up to 1985, from 1985 to 1997, from 
1997 onwards. These categories were created based on 
the time of creation of the land-use planning regulations 
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of the city [34]. Table  1 (and Additional file  1) contains 
more details on the operationalization of indicators.
Walkability
A walkability index for the 2415 census sections was cre-
ated, reflecting known barriers and promoters to walking 
behaviors [9]. The core components of walkability indexes 
are the presence of places to walk to, a street network 
that facilitates such walking and enough density to guar-
antee that destinations are not too far apart [9]. Based 
on these, many previous measures of walkability have 
been developed [35]. Here, we used an index based on 
work by Creatore et al. [36] with modifications based on 
European recommendations [37]. The following indica-
tors were used: Residential Density (occupied dwellings/
km2), Population Density (Residents/km2), Retail Desti-
nations (Retail and services destinations/km2) and Street 
Connectivity (Kernel Density in 3 m × 3 m pixels of the 
density of street intersections). Data were obtained from 
the Housing part of the Spanish Census (that includes 
data on occupied dwellings), the Padrón (sociodemo-
graphic data), the Retail Spaces Census (curated by the 
local government for licensing purposes, that includes 
data on economic activities of all occupied commercial 
spaces) and CARTOCIUDAD (the National Mapping 
Agency initiative that collects and makes available official 
geo-referenced urban data, including street structure and 
administrative boundaries in shapefile format). All data 
were available for 2014 except for the Spanish Census, 
available for 2011. Table 1 (and Additional file 1) contains 
more details on the operationalization of indicators. To 
create the walkability index, we followed the same pro-
cedure as for the exposure (see above), and weighted the 
four indicators equally.
Statistical analysis
The objective of this analysis was to study the association 
between area-level socioeconomic status and area-level 
walkability, and how neighborhood dynamics influ-
ence these associations. We conducted exploratory and 
descriptive analysis of the exposure and the outcome var-
iables, by tertile of neighborhood SES (Additional file 2: 
Table S2). We also plotted the distribution of SES and 
walkability indexes and examined their association using 
a non-parametric lowess [38] estimator, to provide an 
idea of the best operationalization of the neighborhood 
SES indicator.
To study the association between neighborhood SES 
and walkability we used linear mixed models with the 
walkability index as the dependent variable. These models 
included a random intercept for neighborhood (as cen-
sus sections are nested into neighborhoods). We assessed 
whether a third level (for district) was needed by adding a 
random intercept for district and performing a likelihood 
ratio test of the nested models. Afterwards, we further 
included the SES Index operationalized as deciles, with 
the sixth decile as the reference. Based on the explora-
tory analysis above, we also conducted an analysis where 
Table 1 Area Socioeconomic status, Walkability and neighborhood dynamics indicators
Construct Domain Indicator Operationalization Source Level
SES Education Low Education Residents with mandatory studies  
or below/all residents aged 25 or above
Padron Census section
High Education Residents with university education  
or above/all residents aged 25 or above
Padron Census section
Occupation Part time Jobs Workers in part-time jobs/all workers Social security Neighborhood
Temporal Jobs Workers in temporal jobs/all workers
Manual Occupation Class Workers in manual or unskilled  
occupations/all workers
Wealth Housing Prices Average sale price of housing per  m2 Idealista report Census section
Living Conditions Unemployment Rate Residents registered as unemployed/ 




Walkability Density Residential Density Occupied Dwellings/km2 Housing 
census
Census section
Density Population Density Residents/km2 Padron Census section
Destinations Retail Destinations Retail and Service Destinations/km2 Retail spaces 
census
Census section





Gentrification Increase in Education level Rank difference in high education from 2005  
to 2014 (>p95)
Padron Census section
Neighborhood age Year of construction Median year of construction (categorized) Catastro Census section
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we modeled the association using restricted cubic splines 
with 5 knots placed in the percentiles recommended by 
Harrell [39]. The number of knots was decided after test-
ing 3–6 knots models and selecting the best fitting model 
based on Akaike Information Criterion (AIC).
We tested for effect modification by neighbor-
hood dynamics indicators by adding an interaction 
term between the gentrification or neighborhood age 
indicator(s) and each restricted cubic spline. We checked 
for the significance of this interaction by conducting a 
likelihood ratio test in nested models with and without 
the interaction. All analyses were conducted using Stata 
SE version 14.1 (StataCorp., College Station, TX, USA).
Results
Spatial distribution of SES and walkability
The spatial distribution of SES and walkability indexes 
is shown in Fig.  1. Walkability was higher in the down-
town area of Madrid (inside the M-30 orbital motorway 
of Madrid). There are also some pockets of high walk-
ability in the areas adjacent to the M-30 orbital motor-
way, especially in the Southeastern and Southwestern 
parts of the city. Socioeconomic status followed a major 
North–South decreasing gradient (higher SES in the 
Northern areas of the city), while the Southern periph-
eral neighborhoods of the city had a lower SES.
Association between SES and walkability
Table  2 shows the main results of the study, obtained 
from a three-level mixed effects model. All SES Index 
deciles showed statistical significant differences com-
pared to the reference group (sixth decile). Lower SES 
census sections had the highest walkability: there was an 
increase of 2.19 SD (CI 95% 1.36; 3.01 p < 0.001), 2.87 SD 
(CI 95% 2.19; 3.54 p < 0.001) and 2.02 SD (CI 95% 1.46; 
2.59 p < 0.001) of walkability in the first, second and third 
decile of SES respect to the reference group. Fourth and 
fifth SES-deciles also ranked higher in walkability than 
the reference. Higher SES deciles had lower walkability: 
there was a decrease in walkability of 2.93 SD (CI 95% 
−3.60; −2.26 p  <  0.001) and 3.86 SD (CI 95% −4.61; 
−3.12 p < 0.001) for the ninth and tenth SES-deciles.
Figure 2 shows the results of the model using restricted 
cubic splines with 5 knots. This figure shows a dose–
response association for most of the SES distribu-
tion, with the only exception of a slight change in the 
Fig. 1 Spatial distribution of Walkability Index (a) and Socio-Economic Status Index (b) by deciles in the census section (N = 2415) of the city of 
Madrid
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association in the lowest tail of SES, where walkability 
decreases as SES decreases.
Interaction by neighborhood dynamics
Figure 3 shows the results of the interaction with neigh-
borhood dynamics. Panel A shows the analysis by change 
in education level (gentrification), where we found a 
significant interaction between SES and change in educa-
tion level (p < 0.001): while areas with stable or decreas-
ing education level showed the same overall pattern 
(decrease in walkability with increasing SES), areas that 
increased its education level had a flat pattern with no 
association between neighborhood SES and walkability. 
Panel B show the analysis by neighborhood age, where we 
also found a significant interaction (p < 0.001). The asso-
ciation was similar in shape for areas built before 1985 
and between 1985 and 1997 (albeit these second group 
showed an overall decrease in walkability regardless of 
SES). Areas built after 1997 showed a flat association, 
with no decrease in walkability in areas with higher SES.
Discussion
Our results indicate that census sections with higher 
socioeconomic status had a less walkable-urban form, 
as defined by our Walkability Index. This association fol-
lowed, for the most part, a dose–response linear pattern. 
Moreover, we found that this association is heterogene-
ous, as there are significant interactions by a marker of 
gentrification and neighborhood age.
The negative association between area SES and walk-
ability has been found in other studies [16–19, 21]. For 
Table 2 Results from  multilevel regression analysis 
between  area SES Index and  walkability Index (N =  2415 
census sections)
SES Index decile β 95% CI p value
1 2.19 1.36; 3.01 <0.001
2 2.87 2.19; 3.54 <0.001
3 2.02 1.46; 2.59 <0.001
4 1.26 0.73; 1.80 <0.001
5 0.53 0.06; 0.99 0.027
6 Ref
7 −1.65 −2.17; −1.13 <0.001
8 −2.23 −2.85; −1.61 <0.001
9 −2.93 −3.60; −2.26 <0.001
10 −3.86 −4.61; −3.12 <0.001
Fig. 2 Restricted cubic splines with 5 knots placed in the percentiles recommended by Harrell [39] showing the relationship between SES and 
walkability indexes in all Madrid census sections (N = 2415). X axis represents the min, max and 10 deciles of the SES Index, and Y axis represents 
the predicted Walkability Index. The line represents the predicted walkability through SES level and its 95% CI. Histogram represents the SES Index 
distribution of the 2415 census sections
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example, Carpenter et al. [19] found a positive relation-
ship between street connectivity and neighborhood 
poverty. King et al. [16] found that disadvantaged neigh-
borhoods in terms of median income were more walk-
able (shorter block length, greater street node density, 
more developed land use, and higher density of street 
segments); on the other hand, they also found that more 
educated neighborhoods were also more walkable [16]. In 
our study, we created a composite Index, which allow us 
to better measure SES by using information from several 
indicators and therefore reduce the degree of measure-
ment error. Other studies found that residents of more 
deprived neighborhoods report worst aesthetics and 
safety of their neighborhoods [20, 21]. Mixed-methods 
Fig. 3 Interaction effect by indicators of neighborhood dynamics (a gentrification, b neighborhood age) using restricted cubic splines with 5 knots 
placed in the percentiles recommended by Harrell [39]
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between quantitative and qualitative methods [40] could 
represent an alternative in order to understand the differ-
ent associations between objective and subjective walk-
ability measures.
We found an interaction with our marker of gentrifi-
cation (top 95% percentile of rank change in high-edu-
cation level in the last 10  years). Non-gentrified areas 
showed an inverse association between SES and walkabil-
ity, while gentrified areas show a flat association between 
SES and walkability. As opposed to non-gentrified areas, 
where a “disadvantage” [16] in walkability was evident 
for higher-SES census sections, this phenomenon was 
not present in gentrified areas where higher-SES census 
sections had a similar walkability as lower SES ones. One 
potential explanation for this phenomenon is an increas-
ing popularity of walkable neighborhoods (reflected by 
the increase of housing prices), where lower-SES resi-
dents are not able to continue living due to a decrease in 
affordable housing, causing a replacement of lower-SES 
residents for higher SES residents [25]. These gentrifica-
tion and urban renewal processes have launched popular 
movements and social mobilization against them [41].
We also found an interaction by neighborhood age 
(assessed by our indicator of median year of building 
construction). The newest areas (those with its median 
year of construction after 1997) had a flat curve com-
pared with the older neighborhoods (built before 1997). 
Independent of SES, historic and old neighborhoods tend 
to have a greater walkability due mostly to a denser street 
network [42]. Similarly to our gentrification analysis, 
there is a lack of a walkability disadvantage in higher SES 
areas built from 1997 onwards. Conversely, there is a lack 
of an “advantage’ in walkability in lower SES areas, proba-
bly reflecting the newer developments of lower SES hous-
ing in the periphery of Madrid, with a less dense street 
network and lower availability of destinations. Recent 
research has shown an initiation of sprawling patterns in 
Mediterranean cities the last decades [43].
This study has several strengths. First, as far as we 
know, this is the first study to explore the walkability-SES 
association in an Southern European setting, character-
ized by its overall higher density [22], and to look at what 
is the effect that social and urban form dynamics have on 
it. We have also built a strong SES and walkability meas-
ures using GIS and an integrated composite index, which 
allow us to better measure SES by using information 
from several indicators and therefore reduce the degree 
of measurement error. Our walkability Index has been 
adapted for one used in Canada [36], but the changes fol-
lowed some adaptations that could be needed for Euro-
pean context, using different measures for connectivity 
and land-use [37]. Most of the walkability literature has 
been conducted in the US, Canada and Australia or New 
Zealand, in cities with a much shorter lifespan than Euro-
pean cities [9]. We believe that conducting this type of 
research in European cities with a longer historical tra-
jectory, a presence of different urban form structures 
(like historical mixed-use downtown areas) provides a 
different mechanistic insight into the determinants of 
walkability and can help inform policies in European cit-
ies in a more appropriate way.
This study has some limitations. We only measure the 
association of area-SES with walkability, a very specific 
set of features that promote walking behaviors, and may 
be missing another physical activity environment meas-
ures which could be important for public health, such 
as perception of crime and safety which are important 
determinants specially in low SES areas [21]. We were 
not able to link our data to individual-level health behav-
ior (e.g. walking) or outcome (e.g. obesity) data, which 
could give us a better understanding on the effects of 
walkability in shaping health inequities. Our marker of 
gentrification is an unspecific one, as a change in edu-
cation proportions may reflect both residential mobility 
phenomena (linked to gentrification) and changes in the 
non-moving population (linked to social mobility). Fur-
ther research in Madrid with residential mobility data 
should explore the impact of these two phenomena on 
our inferences.
Our study supports the idea that low-income neigh-
borhoods had a more-walkable urban form; however, 
neighborhood dynamics in terms of social composition 
(gentrified neighborhood) and in terms of neighborhood 
age (newest areas) did not follow the same pattern. These 
findings are key to understand how to address physical 
activity inequities within a city. If new neighborhoods in 
Madrid are built following a different socio-spatial distri-
bution of walkability (more favorable for the wealthy, or 
with a loss of a walkability advantage for the poor), and 
the wealthy people are moving to the walkable neighbor-
hoods [25], there is a need to balance with safeguards 
to preserve affordability and avoid the displacement of 
low-SES populations, keeping the “right to the city” with 
adequate housing reforms [44]. Therefore, continued 
attention needs to be paid to equity in urban policies to 
change the urban form to ensure changes do not have the 
unintended consequence of increased health inequities 
[45].
Conclusions
In conclusion, our study shows that higher SES areas 
of Madrid had lower walkability compared with lower 
SES areas. However, neighborhood dynamics in terms 
of social (gentrification) an urban form (neighborhood 
age) modified this association; newest and gentrified 
neighborhoods had a flat curve between area-SES and 
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walkability. A deeper understanding of the dynamic rela-
tionship between urban form and neighborhood compo-
sition would provide further insights into mobility and 
health behaviors and outcomes, and inform urban plan-
ning policy in European cities to preserve health equities.
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5.1. Summary of findings 
 
The first study of this PhD has shown that Madrid Systematic and Pedestrian Cycling 
Scan (M-SPACES) is a useful tool to measure walkability and bikeability in the streets 
segments of Madrid. Moreover, virtual measures with Google Street View was, for most 
features of the street, a valid instrument to assess walking and cycling environment 
when compared with the on-field M-SPACES measures. However, mean time auditing 
the street segments virtually was higher than on-field. Intra-rater agreement, both 
physically and virtually, was acceptable, showing that the urban environment and the 
items in the M-SPACES did not change between 2013 and 2014. Despite this, inter-rate 
agreement between the observers was low; training with the SPACES manual should 
have been adapted and improved for Madrid.   
The second general objective was to explore the integration of the M-SPACES 
walkability with other quantitative, qualitative and health indicators of the physical and 
social environment in a median sociodemographic area in Madrid. Thus, the second 
study tested the viability of integrating in-depth information from different 
environmental and social determinants of cardiovascular health, as well as health data 
from the electronic health records provided by the Primary Health Care System. The 
quantitative data, through the integration in a GIS dataset, is an opportunity to 
accommodate the different domains that make up the urban environment. The 
qualitative part of our mixed methods approach let us to get a clear picture of the area 
from the “experts”, that is, the neighbors that live in them. Cardiovascular health in the 
area was similar to the Madrid total population in terms of prevalence of cardiovascular 
risk factors such as hypertension, diabetes and dyslipidemia. 
The third study used a different approach to measure walkability. In this case, 
walkability was measured as an index using variables from secondary datasets for the 
whole city of Madrid. Using this walkability index, this study indicates that census 
sections with higher socioeconomic status had less punctuation in the walkability 
index following, for the most part, a dose–response linear pattern. Moreover, we found 




of gentrification and neighborhood age. Newest and gentrified neighborhoods had a 
flat curve between area-SES and walkability. 
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5.2. Use of on-field and virtual audits to measure walkability 
 
In this study, Google Street View was a valid instrument to measure walkability using 
on-field visits with the Madrid Systematic Pedestrian and Cycling Scan (M-SPACES) 
as the gold standard. This was true for most of the features of the streets. Certain 
elements had substantial (neighborhood permeability) or almost perfect agreement 
(walking infrastructure, traffic safety, streetscape aesthetics, and destinations) between 
on-field and virtual audits. On the other hand, some elements had worse agreement 
between on-field and Google Street View measures; for instance, walking surface and 
cycling infrastructure had poor agreement.  
Other studies are compatible with these findings (H. M. Badland, Opit, Witten, Kearns, 
& Mavoa, 2010; Charreire et al., 2014). Virtual imagery, as the one that can be obtained 
from Google Street View, provides a valid alternative to on-field measures to measure 
walkability and the walking surface. However, not all features of the street that might 
be important for walking are so easy to replicate with virtual imagery; for instance, 
more subjective elements, like aesthetics or general condition, had lower agreement 
with on-field measures in other studies (Charreire et al., 2014; Curtis, Curtis, Mapes, 
Szell, & Cinderich, 2013). In this study, some of these subjective characteristics, such as 
the sidewalk condition, had lower agreement between on-field and virtual audits; 
however, other subjective characteristics, like aesthetics and streetscape aesthetics, had 
acceptable levels of agreement.  
Assessing virtually the urban environments have substantial advantages over going 
along the neighborhoods, according to other studies: 
• Virtual audits might be time-saving while auditing (H. M. Badland et al., 2010; 
Bethlehem et al., 2014; Rundle, Bader, Richards, Neckerman, & Teitler, 2011). 
• Large savings in time travel to the study area (Rundle et al., 2011). 
• Use of these free geospatial services make it easier and cheaper to conduct 
studies of this kind, especially on large and/or dispersed area, as they do not 
require special resources (H. M. Badland et al., 2010). 
• Virtual auditing is safer when measuring unsafe neighborhoods (Marco, 




• They are not affected by daylight restrictions of weather changes. 
• Virtual auditing might useful for international comparisons in areas where 
imagery is available.  
It can be discussed if some of these advantages can be applied to this research. In this 
study, mean time auditing the street segments using Google Street was slower than 
conducting physical audits. One possible explanation might be that the complex street 
structure of European cities (greater density and connectivity; thus, shorter street 
segments) might eliminate the time advantage of undertaking virtual audits (Kazepov, 
2005). Despite these advantages, these measures can be difficult to apply to large areas, 
as there are single measures for each street segment; one alternative could be to sample 
a set of streets and then extrapolate and estimate contiguous streets (Mooney et al., 
2014).  
This study also tested the reliability of the M-SPACES itself. Intra-rater agreement was 
acceptable, as most elements had acceptable levels of agreement between audits in 2013 
and 2014. Lower levels of agreement were found for cycling infrastructure and surface, 
as also path safety, which may be due to low variability of these elements in the study 
area, as also some new elements (e.g., cycle storage) that were not present in 2013. On 
the other hand, inter-rate agreement was low. It is possible that there are systematic 
differences in the training process. Even though the SPACES manual was followed, for 
other uses it should be translated and adapted specifically for Madrid’s context and the 
M-SPACES changes.  
This instruments for direct observation (no matter if they are used on-field or virtually) 
provides opportunity to measure specific elements of the built environment that are 
more difficult to measure through the integration of secondary datasets in a GIS set. 
Also, direct observation avoid the possibility of same source bias when asking residents 
about their environment and self-reported outcomes (Gullón et al., 2014); moreover, 
perceived environments are well correlated with direct observation (Chiang, Sullivan, 
& Larsen, 2017).  
There are other measures that can be used for measuring walkability and the built 
environment, as it was set in the introduction of the dissertation (table 2). In the 
experience of this first study, M-SPACES provides a valid tool to measure walkability 
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both on-field and virtually; however, despite the savings in transportation with the 






5.3. Integration of walkability with other quantitative and qualitative measures of 
the physical and social environment 
 
Most neighborhood and health research treat different urban environment domains 
(built environment, food environment, tobacco outlets…) as single characteristics that 
relate in some way to health outcomes, in particular cardiovascular health risk factors 
and behaviors (physical activity, diet, tobacco or alcohol consumption). However, 
cardiovascular health risk factors are often correlated (Loprinzi, 2015); thus, there is a 
need to incorporate a relational approach in order to fully understand the relationship 
between neighborhoods and health (Cummins, Curtis, Diez-Roux, & Macintyre, 2007).  
Bringing together different methods, tools and strategies from medicine, public 
health, geography or other social science is key for achieving this point. The sustained 
level of development of Geographic Information Systems (GIS) (Escobar et al., 2000) 
has made possible relevant advances in this area.  
Also, in the last years, there has been an increasing interest in Public Health for the 
concept of mixed methods (Creswell et al., 2011). As set in the introduction, mixed 
methods are an umbrella term to the different ways of combining qualitative and 
quantitative data through triangulation. Triangulation is premised on the reasoning 
that no single method ever adequately solves the problem of rival explanations, and 
that the weakness in a single method will be compensated by the counter-balancing 
strengths of another. The benefits of mixed methods include: converging or 
corroborating findings; minimizing alternative explanations for conclusions drawn 
from research data; elucidating divergent aspects of a phenomenon; and obtaining a 
more accurate and comprehensive perspective of participants’ experiences (Stewart, 
Makwarimba, Barnfather, Letourneau, & Neufeld, 2008). Thus, mixed methods are also 
useful to understand complex research problems such as health disparities and urban 
health (Creswell et al., 2011; Stewart et al., 2008). However, mixed method approaches 
have their own difficulties, like the scarcity of a training infrastructure, the necessity to 
work under two epistemological traditions or the complexity of data integration 
(O’Cathain, Nicholl, & Murphy, 2009). 
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This study tested the feasibility of doing an in-depth study of a neighborhood and its 
environmental and social determinants of cardiovascular health. Through a series of 
quantitative and qualitative techniques different aspects pertaining to cardiovascular 
health were measured: food, physical activity, tobacco and alcohol environments, and 
habits and social norms related with them. Moreover, by using the electronic health 
records of the Universal Primary Health Care system, we were able to obtain a picture 
of the cardiovascular health of the residents in the area. To do so, a median area in the 
city of Madrid, in terms of selected sociodemographic characteristics, was selected. 
This methodology, known as the Median Neighborhood Index, could be useful for 
future international comparisons of “median neighborhoods” in different settings.  
Regarding physical activity environment, two measures were used: SPACES audit tool 
for the streets in the area, and the System for Observing Play and Recreation in 
Communities (SOPARC) (McKenzie, Cohen, Sehgal, Williamson, & Golionelli, 2006) 
to measure the uses of open spaces and parks in the area. Open spaces were used by 
adults, especially seniors without a clear intent to engage into physically active. 
However, the design of this spaces it not conductive for anything but walking or passive 
use. Interviews with neighbors showed an interesting duality regarding preferred 
places to walk: while parks were well perceived, their use is conditioned on the presence 
of certain behaviors (such as alcohol consumption or immigrant presence), and some 
people preferred walking in streets with a high density of retail business, rather than 
walking on parks or other open spaces. In the case of food environment, the area had 
a rich food environment; however, qualitative interviews emphasized the importance 
of public markets, which quantitative healthy food availability tools might fail to 
capture. Alcohol and tobacco environment was mostly dominated by bars and 
restaurants; neighbors showed the cultural importance of alcohol consumption in 
these bars as a social cohesion mechanism. 
Despite the integration of all the different data through GIS and the analysis with 
mixed methods concurrent analysis is a positive experience to a deep understanding of 
a small-area of Madrid; some improvements could be taken into account for future 
analysis: for instance, (1) quantitative integration into one index is an interesting 
approach that allow to better characterize and associate different domains with health 




virtual imagery, could not be cost-effective for large areas; another mixed-methods 
approaches could be taken into account (e.g. sequential time approach with an initial 
phase of formative qualitative research followed by the design of quantitative tools).  
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5.4. Distribution of walkability and the role of neighborhood dynamics 
 
As opposed from the other two studies, a different approach to measure walkability was 
used. As derived from studies 1 and 2, direct audit systematic observation tools may not 
be the best choice for auditing the whole city, despite the ability to provide in-depth 
information not dependent from the availability of secondary sources. Therefore, a 
European-based walkability index was created, based on the work of Creatore (Creatore 
et al., 2016) in Canada, with European adaptations (Grasser et al., 2016).   
Regarding the spatial distribution of walkability and SES in Madrid, walkability was 
higher in the down- town area of Madrid (inside the M-30 orbital motorway of Madrid), 
while Socioeconomic status followed a major North–South decreasing gradient (higher 
SES in the Northern areas of the city), while the Southern peripheral neighborhoods 
of the city had a lower SES. The regression model determined that census sections with 
higher socioeconomic status had a less walkable-urban form, as defined by the GIS-
based Walkability Index created for the third study. This association followed, for the 
most part, a dose–response linear pattern. Besides, the association was heterogenous, 
as there were significant interactions by a marker of gentrification and neighborhood 
age.  
These results means that, in general, some neighborhoods in Madrid might have a 
“disadvantaged advantage in walkability” (King & Clarke, 2015); low-SES areas in 
Madrid might have a protection against physical activity inequalities through high-
walkability. This results are consistent to some other studies, where street connectivity 
(Carpenter & Peponis, 2010), shorter block length, greater street node density, more 
developed land use, and higher density of street segments (King & Clarke, 2015) are 
inversely correlated with indicators of area-SES. However, other measures of 
walkability, such as perceived aesthetics or safety (Sallis et al., 2011; Sugiyama et al., 2015) 
are more present in more deprived areas. These mixed results are key to understand 
the disparities in low and high-income neighborhoods in physical activity.  
However, this “advantage” in walkability in low-SES neighborhoods is not present in 
gentrified areas (top 95% percentile of rank change in high-education level in the last 




after 1997). This has important implications, as it might mean that dynamics in terms 
of population change and construction of new areas are playing a key role in 
perpetuating or even increasing socioeconomic inequalities in physical activity in 
Madrid.  
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The present research has limitation that were not fully-controlled. Overall, we were not 
able to link our data to individual-level health behavior (e.g. walking) or outcome (e.g. 
cardiovascular diseases) data, which could give us a better understanding on the effects 
of our walkability measures; however, one of our next steps is to link these measures 
with physical activity and cardiovascular health data. In this research, we focused 
mainly in walking behavior and its environment determinants; however, as it is set in 
the introduction, many other environment determinants could be important for 
physical activity (e.g. sport facilities, public transportation) that we have only partially 
considered. It would be interesting to develop and compare GIS, direct and 
perceptions on the different domains of the physical activity environment. Regarding 
the walkability measures, the GIS-based walkability index contained indicators from 
residential and population density, destinations and street structure; on the other 
hand, M-SPACES audit tool was composed from 4 factors: function, safety, aesthetics 
and destinations. Despite some of these measures could be grouped within similar 
concepts (some function or safety elements are street structure; destinations in both 
measures), it is important to choose which walkability measure is the appropriate for 
your study, in terms of: (1) conceptual framework, (2) level of analysis (street, census 
section), (3) feasibility. In future analysis, we will try to capture street-level information 
to reproduce M-SPACES dimensions with secondary public sources.  
There are specific limitations when using Google Street view. For instance, the 
availability and the updating of Google images could be a great limitation for some 
settings; in this study, 30.4 % of images were updated last time before 2010. There were 
~10% of streets that were not able to measure with Google Street View, as images were 
not fully-available for streets where the vehicle that take the pictures was not physically 
able to photograph (e.g. pedestrian streets). However, Google Street View, as other 
virtual imagery sets (MS Visual Oblique) are expanding their images availability in the 




the question changed between the 2013 and 2014 auditing. In the statistical analysis, 
our ICC analysis might not be the best one for street features with low variability such 
as cycling infrastructure or some surface characteristics (Devellis, 2003).  
In the third study, we have focused on the city of Madrid; we did not take into account 
the whole metropolitan area, which includes more than 100 small municipalities. This 
decision was made as data is provided by the city council of Madrid, and it is not 
available for other municipalities than Madrid. tTe marker of gentrification used is 
unspecific, as a change in education proportions may reflect both residential mobility 
phenomena (linked to gentrification) and other population changes in the non-moving 
population (linked to social mobility). Further research in Madrid with residential 




Overall, in this research we were able to measure walkability with two different 
approaches: systematic observation checklist (M-SPACES) and GIS-based walkability 
index through publicly available datasets. Moreover, we tested how M-SPACES 
information can be integrated with other quantitative measures of the neighborhood 
(open spaces use, healthy food availability, tobacco and alcohol availability), and 
qualitative information through mixed methods analysis.  
For both measures of walkability, we made an effort adapting and creating new 
measures and tools for our context. Firstly, we adapted the original SPACES audit tool 
in order to better capture the reality of the streets in Madrid. From the SPACES tool, 
some adjustments were made: summing the item weights for “negotiation of footpath”, 
and “type of footpath” into a single item called “type of footpath”; similarly, we 
aggregated “footpath smoothness” and “footpath smoothness/condition” into a 
variable called “footpath smoothness.” We also modified the “Destinations” item by 
adding the number of destinations present in the street segment, as most of Madrid’s 
segments presented many destinations, and we considered important to discriminate 
the number of destinations. These changes did not affect to the original weights. For 
the GIS-based walkability index has been adapted for one used in Canada (Creatore et 
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al., 2016), but the changes followed some adaptations that could be needed for 
European context, using different measures for connectivity and land-use (Grasser et 
al., 2016). 
Specifically, the Google Street View validity study is the largest one that has been 
published, as far as we know. We were able to test the validity in three different urban-
form neighborhoods, instead of focusing on one area. Moreover, this is the first study 
to test the validity in a Mediterranean high-density city, where urban form patterns 
differ from the less-density cities in North-America or Australasia. 
In the study of neighborhood dynamics, we took an original approach to look at the 
recent changes of the city. Most of the neighborhoods and health studies that use a 
temporal approach usually look at changes of the built environment; however, we 
looked at the neighborhood dynamics in terms of gentrification and neighborhood 
age, which reflect changes in terms of the built environment structure and in terms of 
population that live in the neighborhoods. We have also built a strong SES and 
walkability measures using GIS and an integrated composite index, which allow us to 
better measure SES by using information from several indicators and therefore reduce 







5.6.1. Policy change and interdisciplinary collaboration 
 
Health researchers have a growing range of different tools for finding answers to 
questions about how the neighborhood and the built environment affects health. This 
dynamic area of research continues developing innovative data and dissemination 
strategies to meet local needs. Yet even local efforts embedded in unique histories of a 
given place can be viewed with an eye to what lessons we can share with other 
communities. Building partnerships and multi-city collaborations shows promise for 
spreading widely the ideas and information that can make healthier lives possible for 
all.  
Using evidence to inform policy and practice is challenging, especially in-built 
environment and health research, where policy changes are outside of the health sector 
and not necessarily “health-directed” (Lieberman, Golden, & Earp, 2013). Influencing 
public policy and practice is an explicit goal for applied built environment and health 
research. However, the gap between research and policy is in fact increased by a poor 
fit between academic research and the needs of policymakers and practitioners. To 
optimize “policy-relevant” research in built environment, Billie Giles-Corti et al (Giles-
Corti et al., 2015) proposed 10 strategies: (1) understand the ‘policy world’ we are 
attempting to shift; (2) establish links with policymakers and practitioners; (3) work with 
knowledge brokers, advocates, and lobbyists; (4) establish research agendas jointly with 
policymakers and practitioners; (5) undertake interdisciplinary collaborative research; 
(6) study the health-economic impacts of active living infrastructure; (7) evaluate policy 
reform through natural experiments; (8) conduct research focusing on community 
needs and preferences; (9) highlight specific policy implications; and (10) create 
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5.6.2. Citizen participation and citizen science 
 
Many of the neighborhood and health studies have looked for associations between 
objectively measured aspects of the neighborhood and health behaviors or outcomes, 
using mainly quantitative methodologies; others have looked for perceptions using 
qualitative methods. However, citizens have been mostly acting as “passive voices” of 
the research.  
Participatory Action Research (PAR) might be a suitable approach for involving citizens 
in research and policy change. Specifically, Community-Based Participatory Research 
(CBPR) is an approach that acknowledges community as an equal partner throughout 
the research and action process (Caldwell, Reyes, Rowe, Weinert, & Israel, 2015). For 
example, Photovoice is a participatory method coming out of CBPR and PAR, defined 
as “a process by which people can identify, represent, and enhance their community 
through a specific photographic technique” (Wang & Burris, 1997). Photovoice has 
been used previously as a method for identifying key elements of the neighborhood 
that are important for physical activity (Belon et al., 2014); however, the potential of 
photovoice for translating the voice of the residents into policy change for active living 
is still in its first steps (Kramer et al., 2010). 
 
5.6.3. Evaluation of natural experiments 
 
Natural experiments are the methodological approaches to evaluating the impact on 
health or other outcomes of interventions or policies, which are not under the control 
of researchers but which are amenable to the research (P. Craig et al., 2012; Franco et 
al., 2015). For example, Franco et al (Franco et al., 2013) studied the changes in body 
weight in Cuba with the economic changes in the last 20 years. In urban health 
research, natural experiments research have been used in the last years to evaluate 
changes in some neighborhoods and to compare it to “control neighborhoods” where 
the policy intervention did not occur (Franco et al., 2015). As an example, from the 




in Catalonia (Spain) evaluated the effects on health and health inequalities of a renewal 
project in Barcelona (Mehdipanah et al., 2014, 2015). The Neighborhoods Law in 
Catalonia (Spain) funded municipalities that presented urban renewal projects within 
disadvantaged neighborhoods focusing on physical, social and economic 
improvements; they found that The Neighborhoods Law had a positive effect on self-
rated health and seems to prevent poor mental health increases in both sexes and 
especially among manual social classes (Mehdipanah et al., 2014). It is important to note 
that the effect of neighborhood built environment change might be stronger as more 
time passes; longer-term follow-up is required to fully capture the impact on residents 
(Giles-Corti et al., 2013). Despite this promising alternative, it has been argued that the 
methodological problems and risk of bias pose threats to natural experiments designs 
(Benton, Anderson, Hunter, & French, 2016).  
 
5.6.4. Shaping from neighborhood effects to “city effects”: the scale effect of 
research and policy 
 
Within public health, the focus is often on how features of the neighborhood shape 
residents’ health. However, the built environment may affect population health at both 
coarser and finer scales as well. Some characteristics of cities may be influenced by 
national or regional mass influences, and will therefore not be discoverable with 
studies comparing neighborhood characteristics within a single city (all under the same 
mass influence). For instance, transit systems facilitate mobility at the level of the 
metropolitan area. Following Geoffrey Rose’s population approach, in order to 
uncover these mass influences, we must study and compare entire populations (e.g. 
cities) as well as variation within each population (Rose G, 1985). 
Moreover, it is important to note that scale effect should be taken into account in 
research. The modifiable areal unit problem (MAUP) is a well-known issue in all 
studies involving spatial data (Fotheringham & Wong, 1991). This problem emerges 
when the inferences drawn from a study are not robust to the selection of a spatial level 
of analysis. For example, if we are to study phenomena occurring at the smallest 
geographical level, and instead we use data on larger city areas much larger than those 
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neighborhoods (such as neighborhood clusters, police jurisdictions or other 






5.7. Policy implications 
 
The policy implications for this PhD dissertation require future studies with improved 
data and new analysis. However, there are some key factors that should be discussed 
for its policy implications.  
In the last years, Madrid is passing through some changes in order to make the city 
more sustainable and friendly for active transportation. Nevertheless, these changes are 
focused on single characteristics of the urban environment, such as a new bike sharing 
system or new bike lanes in the inner center. As we saw in this dissertation, the different 
elements of a walkable environment interact and correlate with each other, and there 
is a need to see active transportation as a whole strategy, where there are different 
elements and policy strategies to follow in order to make a more sustainable and active 
transport friendly city.  For example, when designing new bike lanes policy makers 
should take into account other strategies such as traffic restriction or the promotion of 
walking and cycling destinations that discourages car use for daily activities. Moreover, 
these decisions have to be considered taking into account residents’ perspectives, as we 
saw that there might be a gap between quantitative data and residents’ perceptions. 
Following a similar approach, the second implication implies a holistic perspective of 
the city. Changes in one of the elements of a city might have implications in others. 
The abundance of research available as a foundation for understanding the built 
environment and behavior from beyond the health sciences provides a groundwork for 
interdisciplinary and cross-sectoral collaborations. Relationship between 
neighborhood characteristics and health might act by indirect pathways; for instance, 
changes in the food outlets regulation that implies better healthy food availability 
might imply also an increase in active transportation and reduce car dependence.  
Lastly, this dissertation has implications in relation to residents’ mobility and 
neighborhood dynamics. As we saw in the third study of this dissertation, newest built 
areas in Madrid and those that have been gentrified are designed with a different socio-
spatial approach, where low-SES neighborhoods might be losing the “advantage” in 
walkability. If new neighborhoods in Madrid are built following a different socio-
spatial distribution of walkability (more favorable for the wealthy, or with a loss of a 
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walkability advantage for the poor), and the wealthy people are moving to the walkable 
neighbor- hoods (Koschinsky & Talen, 2015), there is a need to balance with safeguards 
to preserve affordability and avoid the displacement of low-SES populations, keeping 
the “right to the city” with adequate housing reforms (Kadi & Ronald, 2014). Therefore, 
continued attention needs to be paid to equity in urban policies to change the urban 
form to ensure changes do not have the unintended consequence of increased health 
inequities (Hirsch et al., 2016). 
We believe that conducting this type of research in European cities with a longer 
historical trajectory, a presence of different urban form structures (like historical 
mixed-use downtown areas) provides a different mechanistic insight into the 
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• The adapted Madrid Systematic Pedestrian and Cycling Environment Scan 
(M-SPACES) audit tool was able to discriminate between different population 
density areas.  
• Google Street View provided a valid way of measuring most aspects of the 
residential environment in a European city like Madrid, especially 
neighborhood permeability walking infrastructure, traffic safety, streetscape 
aesthetics, and destinations. However, for some features (e.g., street lane), the 
audits may need to be completed with other secondary spatial databases. 
Characteristics of the streets that may inhibit or promote cycling had lower 
correlation between on-field and virtual audits.  
• Inter-rater agreement of the M-SPACES audit tool was, in general, weak 
(ICC<0.4); therefore, intensive observer training and the use of complementary 
objective techniques may be required. Intra-auditor agreement was 
substantially better when measuring urban environments virtually. 
• Quantitative epidemiological and geographical methodologies showed to be 
complementary and relevant when describing the specific features of the urban 
environment and walkability. This experience allowed testing and refining 
measuring tools to understand walkability. 
• The inclusion of qualitative methodologies provided important insights 
adding emergent categories to the characterization of neighborhoods such as: 
subjective neighborhood boundaries, the use of open spaces and streets, and 
the importance of destinations for walking.   
• The combination of walkability with other urban environment measurements, 
quantitative and qualitative, and universal electronic health records from the 
primary care health system, will provide useful data to examine the relationship 
of neighborhood characteristics and cardiovascular health shedding important 
light to develop sound population preventive approaches. 
• Higher SES areas of Madrid showed lower walkability compared with lower 
SES areas.  
• Neighborhood dynamics in terms of social (gentrification) an urban form 
(neighborhood age) modified this association; newest and gentrified 




understanding of the dynamic relationship between urban form and 
neighborhood composition would provide further insights into mobility and 
health behaviors and outcomes, and inform urban planning policy in 
European cities to preserve health equities 
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The work developed in this dissertation doesn’t end here. As explained in the 
introduction, this dissertation is set in the Heart Healthy Hoods Project 
(hhhproject.eu), specifically developing new tools and methods for measuring the built 
environment. Thus, there is future research that I will work on after this dissertation. 
This further analysis and publications will complete the work that I have been doing 
in the last years.  
The first one is the most obvious and derived from one of the limitations of this 
dissertation, the availability of health data. At this moment, we have access to an 
Electronic Health Records dataset with data from 1.5 million residents 40-75 years old 
of Madrid, and we are starting the recruitment of a cohort of ~2500 people. Thus, one 
of the objectives that I would like to achieve in the following months is the relationship 
between the measures used for this dissertation and cardiovascular health and 
cardiovascular risk factors. Specifically, I would like to study what is the role of the 
different characteristics of the neighborhoods in shaping health inequalities, and to 
study in-depth the role of the neighborhood dynamics.  
One of the challenges that has been discussed in this dissertation is the need of cross-
country comparisons. As part of the time that I spent at Drexel’s Urban Health 
Collaborative in Philadelphia, we have walkability data from Madrid and this US city 
using M-SPACES and Google Street View. With this cross-country comparison, we 
would like to study the difference in the Median Neighborhood of both cities as well 
as the intra-city inequalities in walkability using a street-sample strategy in both cities. 
Preliminary results of this article have been presented in the International Conference 
on Urban Health and the Spanish Epidemiology Association meeting; in this 
conference, it was awarded as one of the best scientific communications presented by 
young researchers.  
Moreover, other challenge in urban health research is citizen’s participation in 
research. I designed and participated in a Photovoice project in 2 different-SES 
neighborhoods in Madrid. In this Photovoice project, 4 groups of people in Chamberí 
(high-SES area) and Villaverde (low-SES area), have been studying and conceptualizing 
the relationship between their neighborhoods and physical activity. Currently, we are 
working with the citizens in the design of policy recommendations, that they would 




quantitative data from the cohort and the EHR, I would like to design a mixed methods 
approach for a better understanding of the complex relationships between SES, 
walkability and health. Preliminary results have been presented in the Spanish 
Epidemiology Association meeting of 2017.  
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ANNEX 5. Madrid Systematic Pedestrian and Cycling Scan (M-SPACES) audit tool 
adapted by Gullon et al 
  

AuditorID  Date 
HoodStreet 
SegID





Housing    1
Office    2
Conveniencestores  3
Otherretail   4
Industrial   5
Educational   6
Service    7




Housing    1
Office    2
Conveniencestores  3
Otherretail   4
Industrial   5
Educational   6
Service    7
Naturalfeatures   8
1c. Are the predominant
buildings/features the same for both
sides?   Yes 1









































 Underrepair  4













Shops    1
School    2










  driveway 
Approx.¼buildingshaveone3











26. Garden maintenance: (well



























30. Cleanliness: (can you see any litter,























































































































39. Neighbourhood legibility  ease of











ANNEX 6. The Median Neighborhood Index Methodological Details 
The Median Neighborhood Index (MNI) is the average Euclidean rank distance of 
each spatial unit of analysis to the median neighborhood in a series of variables. More 
specifically, this index uses four variables to represent the demographic and 
socioeconomic structure, segregation phenomena and urban form. The Euclidean 
rank distance in each variable is calculated by sorting all units of analysis (census 
sections) and computing how far in rank each unit is from the median neighborhood. 
The four distances are then averaged to the Median Neighborhood Index. A low value 
in this index represents a more average neighborhood in the four variables, while a 
higher value represents more extreme neighborhoods. Importantly, and since rank 
distances are all positive, these extreme neighborhoods may be on either tail of the 
distribution of social factors.  
 
Variables 
For the four variables, we used % population aged 65 or above as the demographic 
indicator, % people with college education or above as the socioeconomic indicator, 
% foreign-born as the segregation indicator, and population density (in sq. km) as the 
urban form indicator. The unit of analysis was the census section (around 1500 
people). 
 
Selecting Average Neighborhoods 
To select average neighborhoods, we look for clusters of spatial units of analysis of 
the desired size. For example, if the unit of analysis is the census sections and we seek 
an area of 15,000 people, we must seek clusters of a maximum of 12 census sections. 
We use Kulldorf’s Spatial Scan Statistic (Kuldorff 1997). This method allows for the 
search of clusters of cases, normally distributed variables or other distributions. 
Given the normally distributed nature of the MNI, we looked for clusters of low MNI 
values. The Kulldorf’s Spatial Scan Statistic also allows for the setting of a maximum 
cluster size. Given that this statistic requires for spatial point data to be used, we 
calculated the centroids of each spatial unit of analysis prior to the cluster search. 
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ANNEX 7. Adapted NEMS-S audit tool 
 
Adaptations (from the Abridged NEMS version produced by the CLF [available at 
http://mdfoodsystemmap.org/): 
• +1 For Ground beef available changed to +1 For any ground meat 
• +1 for Lean ground beef changed to +1 for beef 
• .5 for frozen fruits or vegetables changed to +1 for each 




Type:	 Store	Name:	 CS:	 Date:	 	
[			]	Public	Market	 	 	 	 	
[			]	Supermarket	 Store	Address:	 Neighborhood:	
[			]	Small	Grocery	 	 	 	
[			]	Specialty	Store	 [			]	Confirmed	 	 Ethnic:		 #	Registers:	 #	Aisles:	 Prepared	Food:		 Parking	Lot:		
[			]	Discount	Store	 [			]	New	 	 [			]	Yes	 	 	 [			]	Yes	 [			]	Yes	
[			]	Corner	Store	 [			]	Absent	 	 [			]	No	 	 	 [			]	No	 [			]	No	
[			]	Convenience	Store	 Comments:	 	 	 	 	 Photo:	 Refusal:	
[			]	Gas	Station	 	 	 	 	 	 [			]	Yes	 [			]	Yes	
	 	 	 	 	 	 [			]	No	 [			]	No	
	
Measure	1:	MILK	 Measure	3:	FRUIT	 Measure	4:	VEGETABLES	 Measure	5:	MEATS	
Available:	 [	1		]	Yes		 Available:	
	
[			]	Yes	 Available:	 [			]	Yes	 Ground	Meats	 [1		]	Yes	
	 [			]	No	 [			]	No	 	 [			]	No	 Available:	 [			]	No	
Low	Fat	 [1		]	Yes			 Quality:				 [			]	A	 Quality:			 [			]	A	 Quality:			 [			]	A	
Option(s)	 [			]	No	 	 [			]	UA	 	 [			]	UA	 	 [			]	UA	
Available:	 	 Type(s)	 [			]	0	 Type(s)	 [			]	0	 Beef:	 [1		]	A	
[			]UA	
Measure	2:	JUICE	 Available:	 [1		]	1-3	 Available:	 [1			]	1-3	 Other	 [			]	Yes	
100%	Fruit	 [1		]	Yes		 	 [	2		]	4-6	 	 [	2		]	4-6	 Options	 [			]	No	
Juice	Available:	 [			]	No	 ______	 [	3		]	7-10	 ______	 [	3		]	7-10	 Available:	 	
Comments:	 	 	 [	4		]	11-25	 	 [	4		]	11-25	 Comments:	 	
	 	 	 [	5		]	>25	 	 [	5		]	>25	 	 	
	 	 Comments:	 Comments:	 	 	
	 		 	 Potatoes	____	Onions	____	 	 	
	 	 Whole	______	Cut	______	 Whole	______	Cut	______	 	 	
	
Measure	6:	CHICKEN	 Measure	8:	FROZEN	FOODS	 Measure	9:	PACKAGED	FOODS	 Measure	11:	BREAD	
Available:	 [1		]	Yes	 Meal(s)		 [			]	Yes	 Dried	Beans	 [	.5	]	Yes	 Available:	 [1		]	Yes	
	 [			]	No	 Available:		 [			]	No	 Available:	 [			]	No	 	 [			]	No	
Quality:				 [			]	A	 Healthier	 [1		]	Yes	 Rice	 [	.5	]	Yes	 100%	Whole	 [1		]	Yes	
	 [			]	UA	 Meal(s)	 [			]	No	 Available:	 [			]	No	 Wheat	 [			]	No	
Measure	7:	SEAFOOD	 Available:	 	 Pasta(s)	 [	.5	]	Yes	 Corn	Tortillas	 [	1		]	Yes	
Available:	 [1		]	Yes	 Fruits(s)	 [1		]	Yes	 Available:	 [			]	No	
	
Available:	 [			]	No	
	 [			]	No	 Available:	 [			]	No	 Measure	10:	CANNED	FOODS	 Measure	12:	CEREAL	
Quality:			 [			]	A	 Vegetables	(s)	 [1		]	Yes	 Soup(s)	 [			]	Yes	 Available:	 [			]	Yes	
	 [			]	UA	 Available:	 [			]	No	 Available:	 [			]	No	 	 [			]	No	
Option(s)	 [			]	Fresh	 Comments:	 	 Low-Sodium	 [1			]	Yes	 Low	Sugar	 [1		]	Yes	
Available:	 [			]	Frozen	 	 	 Soup(s)	 [			]	No	 Options:	 [			]	No	
	 [			]	Both	 	 	 Available:	 	 #	Healthy	 [			]	0	
Comments:	 	 	 	 Fruit(s)	 [.5			]	Yes	 Varieties:	 [			]	1	
	 	 	 		 Available:	 [			]	No	 	 [1		]	2+	
	 	 	 	 Vegetable(s)	 [1		]	Yes	 Comments:	 	
	 	 	 	 Available:	 [			]	No	 	 	






ANNEX 8. Additional information on the operationalization of variables in study 3 
(Intersection of neighborhood dynamics and socioeconomic status in small-area 
walkability: The Heart Healthy Hoods project) 
 
SES indicators 
The two education indicators were obtained from the Padron, a continuous census of 
the entire population used for administrative purposes. The three occupation 
indicators (part time jobs, temporal jobs, and manual occupation class) were obtained 
from the Social Security data; the denominator was the total number of workers. 
Property value was obtained from the Idealista Report, a yearly study of neighborhood-
level sale prices of all housing sold through the biggest real state corporation in Spain 
(Idealista). Property value data from the IDEALISTA Report contains data for all 
houses listed for sale in their website on the first day of each year. The report contains 
data at the neighborhood level (n=128 each year). To translate this to the census section 
level, we obtained data from the IDEALISTA API 
(http://developers.idealista.com/access-request) on April 18th 2016. We collected all 
housing units for sale on that day, including their price, size and geocoded location. 
We overlayed a census section polygon file and assigned each housing unit to a census 
section. With this, we constructed a measure of average property value per census 
section for 2016. We then used a weighted linear mixed model with property value at 
the census section as the dependent variable, and property value at the neighborhood 
level (from the IDEALISTA Report 2016 data) as a fixed and random coefficient (at the 
neighborhood level ,with an unstructured covariance structure), and the following fixed 
effects for each census section: % low education, % high education, % immigration 
from non-oecd countries, % people below age 25, % people above age 25, and a 
quadratic fixed term for each indicator. Each observation was weighted by the number 
of housing units on sale on each census section. We then predicted the property value 
in each census section in 2014 by replacing the data above with the respective data from 
2014. To diagnose this imputation we correlated the predicted values for 2016 with the 
observed values in 2016, finding a pearson correlation coefficient of 0.93. Registered 
unemployment was obtained from the statistics of the Employment Service (SEPE); the 
denominator was, given the lack of a better measure for the active population at this 
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level, the amount of people between 16 and 64 years of age in the neighborhood, 
obtained from the Padron. All data was downloaded from the statistics website of the 
City Government of Madrid.  
 
Neighborhood dynamics indicators 
Gentrification was obtained by ranking all census sections in 2005 and in 2014 in terms 
of % residents with high education (university education or above) and computing the 
change in rank from 2005 to 2014, where we defined a gentrified neighborhood as those 
in the top 95% percentile of rank change. Education data for this calculation was 
obtained from Padron. Median year of construction of all housing units in the census 
section was obtained from the Cadastre (Catastro, a universal tax registry of all housing 
units). We created three categories: up to 1985, from 1985 to 1997, from 1997 onwards. 
 
Walkability indicators 
Residential Density was operationalized as occupied dwellings by km2; occupied 
dwellings were obtained from housing census. Total residents’ data for the Population 
Density indicator (Residents/km2) was obtained from Padron. Retail and Service 
Destinations were obtained from the Retail Spaces Census at the Madrid Council 
Open Database, that includes data on economic activities of all occupied commercial 
spaces; from this dataset, we select the categories for Retail and Services (47, 53, 56, 85, 
90,91, 92, 93, 96 categories). For street connectivity, we calculated a Kernel Density 
Estimation (KDE) in 3mx3m pixels of the density of street intersections, resulting on a 
pixel-based surface. KDE fits a mathematical surface (composed of pixels) with a 
normal distribution over each point based on (a) the value empirically collected for each 
point, and (b) the distance from each location in the surface to all points in the area 
within defined radius or bandwidth. Essentially, the value of each point is smoothed 
over the study area producing a density value that will be the highest at the location of 
every point, and decaying from there with distance using a defined bandwidth. We used 
de KDE integrated in ArcGis 10.1 software which employs the quadratic Kernel 














where K is the quadratic Kernel function defined by 𝐾(𝑥) =
3
4
(1 − 𝑥2) , x ≤ 1, “x” is 
the point at which density is estimated, “xi” is the value of the variable in the case “i”, 
“n” is the number of cases and “h” is the bandwidth. The basic idea consists calculated 
for specific points, the averaged sum (hence the estimator involves summing over “n” 
and then divide by this value) of Kernels centered on the observations. 
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ANNEX 9. Additional descriptive table Madrid Census section sociodemographic 
and walkability indicators according to socioeconomic status (SES) tertiles (N = 2415) 
 
 
Census section sociodemographic and walkability indicators according to SES tertiles (N=2415) 
Census section characteristic 
Census section Socioeconomic Status 





(High SES) Overall 
N 805 805 805 2415 
Population 1186.0(967.0;1447.0) 1211.0(948.0;1544.0) 1269.0(1013.0;1628.0) 1216.0(973.0;1544.0) 
SES indicators     
% of low Education 70.2(64.9;75.9) 49.7(41.1;57.2) 24.9(19.2;31.5) 49.5(30.0;66.1) 
% of high Education 11.5(8.1;15.0) 27.0(21.0;34.6) 52.4(45.7;59.5) 27.0(14.2;46.9) 
% of part time Jobs 28.1(27.1;30.8) 24.0(20.8;26.7) 16.6(14.9;17.8) 22.9(17.6;27.7) 
% of temporal Jobs 22.3(21.2;23.1) 20.6(19.2;21.6) 17.5(15.4;18.7) 20.3(17.8;21.8) 
% of manual Occupation Class 
42.0(39.5;47.0) 35.9(30.5;37.4) 23.0(19.0;24.9) 35.9(24.9;40.0) 
Housing Prices 103 €/m2 1.6(1.4;1.8) 2.3(2.1;2.6) 3.6(3.3;4.2) 2.3(1.8;3.3) 
Unemployment Rate 14.7(13.5;16.1) 12.1(10.9;12.8) 8.1(6.9;9.1) 12.1(9.1;13.9) 
SES Index -0.9(-1.2;-0.7) -0.1(-0.3;0.2) 1.0(0.8;1.3) -0.1(-0.7;0.8) 
Walkability indicators     
Residential Density (103 res/km2) 12.7(8.6;18.1) 13.2(7.7;19.9) 12.2(5.8;20.4) 12.8(7.5;19.4) 
Population Density (103 pop/km2) 33.8(23.3;45.4) 30.8(19.6;45.0) 29.6(15.3;46.5) 31.8(19.4;45.5) 
Retail Destinations Density (retail/km2) 419.6(159.9;879.5) 474.8(186.7;1259.5) 669.6(189.5;1440.7) 484.6(175.7;1169.7) 
Street Connectivity (Kernel Density) 0.2(0.1;0.3) 0.2(0.1;0.3) 0.1(0.1;0.2) 0.2(0.1;0.3) 
Walkability Index 0.6(-1.1;2.1) 0.4(-1.7;2.2) 0.1(-2.3;2.1) 0.4(-1.8;2.1) 
Neighborhood Dynamics     
% Gentrified in the last 10 years 2.90% 8.20% 3.90% 5.00% 
% Median Year of Construction < 1985 87.80% 80.20% 80.40% 82.80% 
% Median Year of Construction 1985-1997 8.90% 8.60% 9.90% 9.20% 
% Median Year of Construction > 1997 3.20% 11.20% 9.70% 8.00% 
 
 
 
 
